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Abstract
Protease activity was characterized in the midgut of adult female L. cuprina using a 
non-specific colourimetric method. Midgut tissues of flies given ad libitum access to 
protein were used as an enzyme source and azocasein as a chromogenic substrate. 
Three complementary experiments were carried out to validate the assay. Protease 
activity was induced in response to a protein meal, reaching a maximum level of activity 
after 24 hours feeding on protein. Ovarian development and egg maturation were 
observed only in the flies fed on protein, suggesting a positive relationship between 
protein meal, protease activity and egg development.
Reverse transcriptase-PCR was used to identify candidate serine protease genes 
expressed in the midgut of adult L. cuprina. PCR fragments were cloned and 
sequenced to identify the protein. Sequence analysis of 12 independent clones revealed 
the presence of two distinct families of genes, one represented a trypsin-like gene 
family and the other a novel serine protease gene. The results of the RT-PCR revealed 
considerable diversity of serine proteases in the Lucilia genome.
From the family of trypsin-like genes, one PCR amplicon, sp5 was used as a probe to 
screen a genomic DNA library. The results of this screening revealed the presence of a 
multigene family of trypsin-like genes in Lucilia, of which one gene, lcsp5 was isolated 
and sequenced. Icsp5 gene was not interrupted by any intron and it was found to be 
most similar to trypsin alpha-4 of Lucilia larvae. The expression of this gene was 
assessed by northern blot analysis and in situ hybridization, using the same probe. 
Icsp5 showed the similar levels of expression at all developmental stages except pupae. 
Gene expression in adult females increased in response to protein feeding, suggesting a 
transcriptional regulation, although post-translational regulation and hormonal factors 
could not be dismissed. Multiple sequence alignment and database analysis strongly
implicate the enzyme encoded by this gene as a digestive serine protease. The 
expression of lcsp5 in gut cells showed a mosaic pattem of expression.
From the family of novel serine protease genes, one PCR amplicon, sp2 was used as a 
probe to screen a cDNA library. The result of this screening was the isolation of two 
highly similar genes, lcsp2 and lcsp3. Although sequence analysis showed these genes 
to be most similar to a family of kallikrein genes in rat, lcsp2 and lcsp3 represented a 
totally different family of serine proteases, and as such, can be considered a novel 
serine protease gene family. Northern blot analysis revealed that the expression of 
these genes is regulated at larval developmental stages. The gene is mostly expressed 
in third instar larvae and adults, although unlike lcsp5, transcription of Icsp2/lcsp3 in 
adult females was not significantly increased in response to protein feeding. When 
compared with expression of the trypsin-like gene lcsp5, the different levels of 
Icsp2/lcsp3 expression in larval stages and in response to protein feeding in adult 
females, plus differences in the cellular pattem of expression suggest a role other than 
protein digestion for the proteins encoded by these genes.
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Chapter 1
General introduction
1.1 Introduction
An adequate source of dietary protein is essential for normal growth and development 
in the larval or nymphal stages of most insect species. In addition, adult insects 
frequently require a source of dietary protein for efficient egg production. Despite the 
importance of protein as a nutritional resource it is only recently that detailed 
biochemical information has become available for insect proteolytic enzymes. Very 
little is known about the mechanisms that underlie the regulated synthesis and secretion 
of digestive enzymes. Adult females of the Australian sheep blowfly Lucilia cuprina 
have an absolute requirement for dietary protein for egg production and may provide a 
useful model system for the study of factors controlling protease release. Protease gene 
expression in response to protein feeding in adult L. cuprina has not been investigated 
previously and is the subject of this thesis.
1.2 Digestion in insects
Digestion is the process by which food in its digested form is broken down into 
assimilable components. The process takes place in a specialized organ system, the 
digestive tract, through the hydrolytic action of digestive enzymes. The general scheme 
of digestion is the same for all animals.
1.2.1 Organization and function of the gut in insects
The insect alimentary canal is composed of three distinct parts, the foregut or 
stomodeum, the midgut or mesenteron and the hindgut or proctodeum. The division of 
the alimentary canal into these major regions is reflected in a broad differentiation of
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function. Figure 1.1 shows a diagramatic illustration of the alimentary canal of a 
blowfly.
The foregut, with associated structures such as mouthparts and other cuticular 
elements, is concerned to a large extent with the mechanical breakdown of food 
material, which may be a necessary preliminary step for efficient enzymatic 
breakdown. It is often possible to distinguish a number of subdivisions of the foregut, 
for example, the crop as a storage organ, or gizzard as a grinding organ (Fig. 1.1).
The midgut is largely concerned with the secretion of digestive enzymes, the 
breakdown of dietary polymers such as proteins, carbohydrates and lipids under the 
influence of these enzymes and the absorption of digestive products and water from the 
food mass. In blowflies (Fig. 1.1), the midgut commences at the junction between the 
crop and the cardia and runs straight backward in the midline of the thorax to pass into 
the abdomen where it forms a coiled configuration then passing downwards to form a 
sharp bend at the junction with hindgut (Graham-Smith, 1934). The ultrastructure of 
the midgut cells is correspondingly complex. The cells show the typical folding of basal 
and peripheral membranes associated with absorptive function, and endoplasmic 
reticulum exhibits pronounced cyclical changes, thought to be associated with the 
synthesis of digestive enzymes and their transport to the lumen (Berridge, 1970). In 
many insects the midgut is lined by the so-called peritrophic membrane, which is 
secreted from a specialized region called the proventriculus, which marks the junction 
between foregut and midgut. The production of peritrophic membrane is a 
discontinous process, closely linked with feeding. The peritrophic membrane is thought 
to protect the midgut cells from abrasion by food particles, thus performing a function 
analogous to that of mucus in vertebrate animals (Chapman, 1985).
The hindgut receives the undigested remains of the food and stores them pending 
evacuation. It is divided into three parts: the pylorus, the ileum and the rectum. In the
2
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Figure 1.1 Diagramatic illustration of the alimentary canal of a blowfly (Calliphora 
erythroeephala). Arrows indicate the direction of flow in the coiled region of the 
midgut. (The figure is adapted from Graham-Smith, 1934).
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blowfly, the hindgut forms part of the intestine which intervenes between the ducts of 
the Malpighian tubules and the rectal valve (Fig. 1.1). Excretory materials from the 
Malpighian tubules empty into the alimentary canal at the pylorus, and further 
processing of the mixture of materials occurs in the rectum. Cells of the hindgut are 
specialized for absorption of water.
1.2.2 Control of digestion
Efficient digestion is partly dependant on the level of hydrolytic enzyme activity in the 
alimentary canal (Dadd, 1970; Gooding, 1972). As in other animals, the production of 
midgut enzymes in insects is not a continuous process, even in continuously feeding 
insects, such as acarids and cockroaches. Therefore the synthesis and secretion of 
digestive enzymes is likely to be under the control of precise regulatory mechanisms. 
Unfortunately, these mechanisms have not been investigated in many insects and it is 
likely that no single mechanism operates in all insects (Capps et al., 1972).
Two alternative pathways have been proposed to explain the regulation of midgut 
enzyme activity in insects (Chapman, 1985). The first is a secretagogue mechanism in 
which specific dietary components stimulate a direct response in enzyme synthesis and 
secretion. The second is neuroendocrine regulation, in which the release of hormone(s) 
stimulates the production and secretion of enzymes (Chapman, 1985). Clearly these 
two control mechanisms are not necessarily mutually exclusive. Chapman (1985) 
suggested that control of short term fluctuations in enzymatic activity is consistent with 
a secretagogue mechanism, whilst longer term changes are probably regulated 
hormonally. Applebaum (1985) also supposed a similar view, suggesting an 
immediate secretagogue response to food consumption.
The most convincing evidence for secretagogue control has been demonstrated in the 
control of protease activity in blood sucking insects such as Glossina morsitans
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morsitans (Gooding, 1974 a, b, c), Rhodnius prolixus (Houseman et al. 1985), and the 
stable fly Stomoxys calcitrans (Lehane, 1977; and Houseman et al., 1985). The 
activity of trypsin-like proteases in the lepidopteran species Heliothis zea and 
Spodoptera exigua is also thought to be controlled by a secretagogue mechanism 
(Broadway and Duffy, 1986).
Most studies on control of digestive enzymes have focussed on mosquitoes, in 
particular the yellow fever mosquito, Aedes aegypti. Ingestion of a blood meal by the 
mosquito resulted in an increase in protease activity, until 24 hours after feeding (Fisk, 
1950; Fisk and Shambaugh, 1952). The major protease is trypsin (Gooding, 1966, 
1975; Briegel and Lea, 1975) but chymotrypsin (Gooding, 1969) and aminopeptidase 
(Graf and Briegel, 1982) activities are also present in the midgut. The stimulation of 
general protease synthesis and activity is dependent upon the presence of protein in the 
midgut (Shambaugh, 1954; Samish and Akov, 1972). It has also been suggested that 
some digestion product(s), most likely amino acids produced from the proteins in the 
meal and other proteases, or aminopeptidases and carboxypeptidases already present in 
the midgut are involved in regulation of trypsin activity (Graf and Briegel, .1982). 
Trypsin induction and secretion in the midgut of Aedes aegytpi appears to occur in two 
phases, an early phase to induce early trypsin and a late phase to induce late trypsin 
(Felix, 1983). It is assumed that the action of the early trypsin (2-4 hours after protein 
feeding), in combination with other proteases results in the release of free amino acids 
as the meal is digested, and this increase in amino acid levels could be the initial signal 
for induction of late trypsin expression (6 hours after protein feeding) (Barillas-Mury et 
a l,  1995) either directly, or indirectly via the endocrine system (Felix el a l ,  1991). 
The effect of hormonal factors in the control of digestion in the mosquito A. aegypti 
was also suggested by Brown et al. (1985, 1986), who demonstrated that the midgut of 
this species contains more than five hundred endocrine cells scattered through the 
epitheluim. Of those, some possess a luminal surface that is suitable for monitoring the 
midgut contents, for example by microvillar-bound receptors for the appropriate
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molecules. Once the quality and the compositon of the lumen contents has been 
assessed by these cells, the stimulation of trypsin synthesis will occur. This system of 
control would allow the mosquito to ‘assess’ the quality of the meal, before committing 
metabolic resources to expression of high levels of trypsin, which could result in an 
unproductive cycle of enzymatic self-digestion in the absence of a protein meal 
substrate. Brown et al. (1986) indeed reported a release of immunoreactive material 
from specific midgut endocrine cells within 6 hours of a blood meal. Later, Graf 
(1986) gave evidence that the endocrine system (head factors and ovarian factors) 
controls tryptic enzyme activity up to 18 hours after the blood meal. Egg development 
and food digestion in the midgut of female mosquitoes are two inter-related processes 
regulated by a complex series of hormonal interactions. One component of this 
endocrine signaling pathway is an ovarian decapeptide hormone (trypsin modulating 
oostatic factor, TMOF) which modulates the biosyntheis of trypsin-like enzymes in the 
gut of female mosquitoes (Borovsky, 1985; Borovsky et al., 1990). TMOF is released 
from the follicular epithelium of the oocytes at the time of maximum trypsin activity (24 
hours after blood feeding), binds to specific receptors on the midgut cells (Borovsky et 
al., 1990) and signals the release of another factor(s) that shuts down trypsin 
biosynthesis. Thus, there is reasonable evidence that the synthesis and secretion of 
trypsin-like enzymes is controlled by secretagogue factors originating from the process 
of blood-feeding as well as by endocrine factors (Downe, 1975; Briegel and Lea, 1979; 
Graf et al., 1986).
1.3 Types of digestive enzymes in insects
Insects eat a wide variety of food stuff including carbohydrates, protein and fat, in 
proportions that vary depending on the diet of the different species. A corresponding 
diversity of digestive enzymes, capable of hydrolysing these different polymers to their 
constituent units, is therefore required by most insects. These include:
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a) Carbohydrases, including enzymes capable of hydrolysing the a-glucoside linkage 
(glucosidaes), ß-galactoside linkage (galactosidases), ß-fructoside (fructosidases), 
glycogen, starch (amylase) and cellulose (cellulases).
b) Lipases, including enzymes capable of hydrolysing neutral fat to glycerol and free 
fatty acids.
c) Proteases that catalyse the cleavage of peptide bonds in proteins.
Most information on digestion and the digestive enzymes of insects relates to 
proteolysis, particularly in blood sucking insects where proteins are the most abundant 
nutrients of the blood meal and the major digestive enzymes are proteases. Proteases 
are divided into two large groups, the exo- and endo-peptidases, according to their site 
of action on protein molecules (Fig. 1.3). In the physiological context, endopeptidases 
are responsible for the early stages of protein breakdown, and exopeptidases are 
required subsequently to complete the generation of free amino acids.
1.3.1 Exopeptidases
Exopeptidases hydrolyse bonds at the ends of peptide chains. They are grouped on the 
basis of reaction catalyzed (Fig. 1.3) or by the size of the substrate molecule (e.g. 
dipeptidases and tripeptidases). In most cases aminopeptidases (EC 3.4.11; a -  
aminoacyl peptide hydrolase) and carboxypeptidases (EC 3.14.16-18) have been 
identified as part of the complement of digestive proteases. Exopeptidases in insects 
have not been widely studied. So far, carboxypeptidases and aminopeptidases have 
been demonstrated in two species of bed bug, Cimex hemipterans and Cimex 
leclularius (Hemiptera: Cimicidae) (Houseman et al., 1985), Rhodnius prolixus and 
Triatoma phylosoma pallidipennis (Houseman, 1978; Houseman and Downe, 1980, 
1981a, 1981b), grass grub larvae Costelyra zealandica (Coleoptera: Scarabaeidae) 
(Christeller et al., 1989), and ten species of phytophagous lepidopteran larvae 
(Christeller et al., 1992; Lenz et al., 1991). These enzymes have also been detected in
7
Proteases
(EC 3.4) 
Endopeptidases
1- Serine proteases (3.4.21)
2- Cysteine proteases (3.4.22)
3- Carboxyl proteases (3.4.23)
Exopeptidases
ooooo-o
1-Amino peptidases (EC 3.4.11) 4- Carboxypeptidases (EC 3.4.16-18)
2-Dipeptidyl peptidases (EC 3.4.14) 5- Peptidyl dipeptidases (EC 3.4.15 )
ooo
3- Tripeptidyl peptidases (EC 3.4.-) 6- Tripeptidases (EC 3.4.11.4)
7- Dipeptidases (EC 3.4.13)
Figure 1.2 The classification of proteolytic enzymes. (Dalling M. J., in Plant 
Proteolytic Enzymes, Vol. l,pp. 3-16, CRC Press, 1986). The numbers given in 
parentheses indicate the divisions into which the enzymes have been placed in the 
enzyme nomenclature scheme of the International Union of Biochemistry. In the 
diagram, the open circles represent amino acid residues and the filled circles are those 
of the fragment released.
8
larvae of com ear worm, Heliothis zea (Lepidoptera: Noctuidae) (Lenz et al., 1991) and 
in Rhynchosciara americana (Terra et al., 1979). The only insect gut exopeptidase gene 
that has been cloned and sequenced is a carboxypeptidase from the blackfly Simulium 
vittatum (Ramos et al., 1993).
1.3.2 Endopeptidases
Endopeptidases act in the interior of the peptide chain. Most of the insect proteases that 
have been studied in any detail are endopeptidases. This group of enzymes are 
classified according to their active center and amino acid specificity.
1.3.2.1 Carboxylpeptidases
Carboxylpeptidases are characterized by the involvement of an acidic residue in the 
catalytic process. Pepsin is one example of this group of enzymes, which, in insects is 
apparently restricted to cyclorraphous Diptera (Lambremont et a l., 1959; Fraser et al., 
1961; Pendola and Greenberg, 1975). Participation of these enzymes in the digestive 
processes of higher Diptera has not been studied in detail.
1.3.2.2 Thiol proteases
Thiol proteases are characterized by having a catalytic cysteine in their active center. 
The involvement of cathepsin-like proteinases in extracellular digestion has been 
reported in hematophagous hemipterans such as Rhodnius prolixus, Triatoma 
phyllosoma pallidipennis, Cimex hemipterans and Cimex lectularius (Houseman, 1978; 
Houseman and Downe, 198la. 1982, Houseman et al., 1985). The majority of 
coleopteran larvae have slightly acidic midguts, and thiol proteinases provide the major 
midgut proteolytic activity. Examples include larval Acanthoscelides obtectus Say
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(Coleoptern, Bruchidae) (Wieman and Nielson, 1988) and Callosobruchus maculatus 
(Gatehouse et al., 1985; Kitch and Murdock, 1986).
1.3.2.3 Serine proteases
Serine proteases are characterized by the presence of active center serine and histidine 
residues. Typical members of these enzyme families are trypsin, Chymotrypsin and 
elastase.
Serine proteases have been identified in numerous insects. In blood sucking insects, 
such as mosquitoes Aedes aegypti, Glossina species and the stable fly Stomoxys 
calcitrans (Diptera: Muscidae), the vast majority of proteolytic activity involved in blood 
meal digestion is due to serine proteases, with both trypsin- and chymotrypsin-like 
specificities (Gooding, 1973; Briegel et al., 1975; Wigglesworth, 1972; Gooding, 
1966; Yang and Davis, 1971; Kunz, 1977). The major digestive proteinase in the gut 
of larvae of certain dipteran species such as the hessian fly, Mayetiola destructor (Say) 
(Diptera: Cecidomyidae) (Shukle et al., 1985) is a chymotrypsin-like enzyme. Midgut 
endopeptidase activity of the hornet Vespa orientalis (Hymenoptera: Vespidae) and 
larvae of many Lepidoptera has been identified as trypsin- and chymotrypsin-like (Law 
et a l, 1977; Ward, 1975; Broadway and Duffy, 1986).
1.4 Comparison of serine proteases in vertebrates and insects
1.4.1 Biosynthesis of serine proteases
Serine proteases in vertebrates are abundant extracellular enzymes with neutral pH 
optimum, and are readily extracted and purified in large quantities (Kunitz and 
Northrop, 1935). They originate in acinar cells of the pancreas as inactive precursors, 
or zymogens, which are secreted into the duodenum, where they are activated (Kunitz
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and Northrop, 1935; Maroux et al., 1971) by the cleavage of one critical peptide bond 
near the amino-terminal end of the polypeptide chain (Davie and Neurath, 1955). This 
conversion from inactive to active form is mediated by intestinal enterokinase, a 
hormonally controlled enzyme which is secreted in small amounts by the mucosal cells 
of the stomach.
Activation of pancreatic zymogens is a two step process. The first stage is the 
conversion of proenzyme (e.g. trypsinogen) to the active enzyme (trypsin). The 
transfer of the zymogen from the zymogen granules in the pancreas to the lumen of the 
small intestine regulates exposure of the zymogen to enterokinase. The product of the 
first stage, the active enzyme, in turn catalyzes the conversion of a number of pancreatic 
zymogens to their respective active enzymes (Neurath, 1984). Subsequently, the 
activated enzymes are able to digest dietary proteins.
Biosynthesis of serine proteases in insects is regulated through activation of zymogen, 
or alternatively at the level of control of mRNA synthesis, or translation of prexexisting 
message. The one well-documented example of zymogen biosynthesis and activation is 
that of silkmoth cocoonase, a non-intestinal trypsin-like enzyme secreted by the mouth 
parts of the silkmoth to facilitate emergence from the cocoon (Berger et al., 1971). A 
comparative study has been carried out on prococoonase and cocoonase amino acid 
composition from three different Antheraea silkmoth species (Kramer et al., 1973) and 
vertebrate protease. Tryptic peptide mapping and partial amino acid sequences 
indicated a high degree of homology to bovine trypsin specifically in the N-terminal 
region of the enzyme.
Enzyme assays on the trypsin from the midgut of stable fly, Stomoxys calcitrans 
(Moffatt and Lehane, 1990) showed that trypsin is produced and stored as an inactive 
zymogen. The presence of inactive zymogen in the intestine of insects was also
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supported by gene isolation and sequencing of trypsin-like genes from Drosophila 
melanogaster (Davis et al., 1985) and Aedes aegypti (Graf et al., 1986).
The sequences of the insect precursors showed differences in the region of the 
activation peptide when compared with those from vertebrate trypsin precursors. In 
vertebrates, the sequence immediately preceding the activation cleavage site is: 
hydrophobic amino acid -Asp-Asp-Asp-Asp-Lys (except in the rat where the first Asp 
is replaced by Glu). The predicted proteins of insects do not have the four Asp 
residues, however amino acid sequence to the start of the active enzyme contains a 
string of highly hydrophobic residues. The basic residue Lys in insect proteins is 
replaced by Arg. This difference of the sequences at activation site of the enzyme can be 
explained either by the presence of a different kind of activating enzyme or a different 
mechanism of activation, such as autoactivation (Davis et a l., 1985). The sequence at 
N-terminus of the active enzyme is Ile-Val-Gly-Gly and is conserved among most 
vertebrate and insect serine proteases.
1.4.2 Structural elements of serine proteases participating in the 
catalytic mechanism
All vertebrate serine proteases have some structural features in common and these 
generally appear to have been conserved in insect enzymes.
1.4.2.1 Charge relay system
The class of serine proteases is defined by the presence of a uniquely reactive serine 
side chain (Ser-195 in chymotrypsin numbering as reference), which makes a covalent 
ester bond to the carboxyl carbon atom of a susceptible bond in substrates to form an 
acyl-enzyme. The X-ray crystallography of chymotrypsin showed that the side chains 
of His-57 and Asp-102 are involved in this process. Blow et al. (1969) proposed that
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the Ser-195 side chain is hydrogen-bonded to the His-57 imidazole, which is in turn 
hydrogen-bonded to the buried carboxyl group of Asp-102. They further suggested 
that polarization of the system, which they dubbed the charge relay system, due to the 
negative charge on the carboxylate would make the serine oxygen nucleophilic and thus 
reactive toward substrates.
The active sites of serine proteases lie in a structurally similar crevice in each molecule 
(trypsin, chymotrypsin, elastase). This charge relay system in serine proteases and the 
sequences around those residues are highly conserved among vertebrates, insects and 
other invertebrates.
1.4.2.2 Specificity pocket residues
The serine proteases differ in specificity because of differences in their substrate 
binding pocket sites. Trypsin, chymotrypsin, and elastase all have a specific side chain 
binding pocket on the enzyme surface close to the catalytic site. In trypsin, the residues 
Asp-189, Gly-216, and Gly-226 are the most important determinants of the trypsin 
specificity pocket. The presence of the negatively charged carboxyl group of Asp-189 
(East and Trowbridge, 1968) in the bottom of the pocket (Stroud, 1974) is responsible 
for the preferential attack on peptide bonds following an arginine or lysine residue 
(positively charged sites) in the substrate (Mares-Gina and Shaw, 1965). The specific 
binding pocket in chymotrypsin is very similar to that in trypsin, except that Asp-189 is 
replaced by Ser-189. This substitution makes the pocket relatively hydrophobic and 
uncharged, thus explaining the specificity of chymotrypsin for peptide bonds following 
an aromatic side chain in the substrate. In elastase, Val replaces Gly at position 216 
(Shotton and Hartley, 1970) and a Thr residue is found in place of Gly at position 226. 
These residues are thought to participate at least in part, in blocking the binding pocket 
to all but the smallest side chains on the substrate. The general structure of specific
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chain binding pockets are conserved in serine proteases of vertebrates and 
invertebrates. However, some replacement among residues in the pocket has occurred. 
Sequence analysis of trypsin in the moth, Manduca sexta (Peterson et al., 1994), a 
mosquito, Anopheles gambiae (Muller et al., 1993) and a fly Drosophila melanogaster 
(Yun and Davis, 1989) confirmed the conservation of the diagnostic residues (Asp- 
189, Gly-216 and Gly-226). Despite these similarities, some differences in these 
regions have been recorded in hornet Chymotrypsin (Jany et al., 1983) and crab 
collagenase (Grant et al., 1980), where Ser-189 in the binding pocket is occupied by 
Gly, and the Gly-226 of bovine Chymotrypsin is replaced by an Asp in hornet 
chymotrypsin. It is not known yet what role these differences may play in the substrate 
binding interactions, but they may have significant effect on enzyme specificity.
1.4.2.3 Disulfide bonds
Serine proteases have several disulfide bridges, which are thought to be critical for 
correct folding of the enzyme. The presence of these bridges has been conserved in 
vertebrates and invertebrates. Vertebrate serine proteases have four disulfide bridges 
(Kaufman, 1965); Cys 42 - Cys 58, Cys 168 - Cys 182, Cys 191 - Cys 220 and Cys 
136 - Cys 201. However, group specific proteases from rat small intestine, which do 
not contain Cys 191 - Cys 220 are an exception to this general finding (Woodbury et 
al., 1978).
All insect serine proteases identified to date are thought to have only three disulfide 
bridges. The insect serine proteases lack the Cys 136 - Cys 201 bridge, but the three 
remaining bridges occur in homologous positions in the molecule.
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1.5 Molecular genetic approaches to the study of insect serine proteases
Although proteases appear to be relatively abundant in the insect midgut there have been 
very few instances in which any individual enzyme has been purified to homogeneity. 
Difficulties associated with the small size of insects and self-proteolysis during 
sequential purification steps provide significant technical obstacles to successful protein 
isolation. Recently it has become possible to characterize protease genes through 
recombinant DNA methods. The first serine protease genes to be identified in an insect 
were a cluster of three trypsin-like sequences from D. melanogaster (Davis et al., 
1985). Subsequently a second, independent cluster of serine protease genes was 
discovered in D. melanogaster (Yun and Davis, 1989). Members of both these gene 
clusters were shown to be expressed in larval midgut by in situ hybridization. In the 
latter case, evidence was presented that suggested the protease mRNA levels were 
regulated, at least partly, through a cyclic AMP signaling pathway (Yun and Davis, 
1989). In a relatively short period, cloning and sequencing of midgut serine protease 
genes from the mosquitoes Aedes aegypti (Barillas-Mury et al., 1991, Barillas-Mury et 
al., 1993, Kalhok et al., 1993) and Anopheles gambiae (Muller et al., 1993), the black 
fly Simulium vittatum (Ramos et al., 1993a), the tobacco hawkmoth Manduca sexta 
(Peterson et al., 1994) and the spruce budworm Choristoneura fumiferana were 
reported (Wang et al., 1995). In addition, partial sequences of a large family of serine 
protease genes have been obtained from the buffalo fly Haematobia irritans (Elvin et 
al., 1993) and the sheep blowfly Lucilia cuprina (Casu et al., 1994), using a PCR- 
based strategy.
The availability of cloned genes, full length cDNAs and the resultant deduced protein 
sequences has provided significant information on the structural features of insect 
serine proteases. Insect serine proteases are frequently encoded by multigene families. 
In D. melanogaster, where the genomic clones have been investigated, protease genes 
were found in a number of copies as tandemly replicated arrays. In 1985, Davis et al.,
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isolated two overlapping genomic clones from D. melanogaster that were shown to 
contain four trypsin-like genes. These were designated a, b, g and d and occurred as 
divergently oriented (head-to-head) pairs clustered within a 7 kb region. Transcripts 
from these genes were shown to be abundant in larvae, pupae and adults, and in third 
instar larvae at least, expression was limited to the midgut. The gene cluster was 
mapped cytogenetically by in situ hybridization to polytene chromosome preparations to 
position 47E-F on chromosome 2 (Davis et al., 1985). An independent cluster of 
serine protease genes was identified by Yun and Davis (1989). In that case, two 
complete genes and the 3' end of a third were identified in an 8 kb DNA fragment. The 
two complete genes were tandemly arrayed in inverse (tail-to tail) orientation. These 
genes were also shown to be expressed abundantly in larval gut and the gene cluster 
was localized to polytene chromosome bands 99C-D on chromosome 3. Thus, D. 
melanogaster has at least two independent clusters of serine protease genes. Genomic 
sequence from the mosquito Anopheles gambiae (Muller et al., 1993a) showed the 
presence of seven trypsin genes which are also tightly clustered in an 11 kb region. 
Trypsin-like proteases are also encoded by a multigene family in the mosquito Aedes 
aegypti (Kalhok et al., 1993). However not all insect serine proteases occur as tandem 
arrays, a late trypsin gene from the mosquito Aedes aegypti (Barillas-Mury et al., 1993) 
and a trypsin gene from the spruce budworm Choristoneura fumiferana (Wang et al., 
1995) have both been shown to be present as single copy genes.
Insect serine protease genes generally lack introns (Davis et al., 1985; Yun and Davis, 
1989; Muller et al., 1993a; Kalhok et al., 1993; Barillas-Mury et al., 1993, Casu et al., 
1994). A spruce budworm Choristoneura fumiferana trypsin gene, is to date, the only 
insect serine protease gene known to be interrupted by introns (Wang et al., 1995). In 
all other cases where genomic sequence data have been obtained the serine protease 
genes lack introns.
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Cloning and sequence analysis of serine protease genes revealed the structure of the 
insect proenzymes. The putative precursor consists of three regions, a signal peptide 
for secretion, a short activation peptide and finally, the mature protease enzyme. As 
noted previously (Section 1.4.1) the invertebrate precursors lack the classical 
endopeptidase cleavage recognition site found in vertebrate zymogens.
1.6 Taxonomy, distribution and control of Lucilia cuprina
The sheep blowfly Lucilia cuprina (Diptera: Calliphoridae) was first recorded in 
Australia in 1927 by Malloch. It is currently distributed throughout most of Australia 
except for arid areas and tropical rain forest. L. cuprina has also been reported from the 
North Island of New Zealand (Holloway, 1991), South Africa (Hepburn, 1943; 
Monning and Cilliers, 1944) and Kenya (Lewis,1933). Two subspecies of Lucilia 
cuprina are known, Lucilia cuprina cuprina from the Oriental and American regions 
and Lucilia cuprina dorsalis from the African and Australian regions (Waterhouse and 
Paramonov, 1950).
Lucilia cuprina dorsalis has been recognized as a major and very wide spread pest in 
sheep raising areas (Foster et al., 1975), while Lucilia cuprina cuprina is not considered 
an economically important sheep pest, because there are relatively few sheep in the 
areas where it is found (Waterhouse and Paramonov, 1950). L. cuprina is the major 
ectoparasite of sheep in Australia with blowfly strike, or infection of sheep skin with 
fly maggots causing a significant reduction in wool production and meat quality (Watts 
et al., 1976; Dallwitz et al., 1983). Sheep deaths have been estimated at up to 3 million 
per year (Brideoake, 1979) or about 2% of the national flock. Costs due to these losses 
and the expenses of current control measures are around $200 million per year (Beck et 
al., 1985). Merino sheep are particularly susceptible to fly attack because of their fleece 
and skin characteristics. Due to the economic importance of the Australian sheep 
blowfly, attempts to control fly strike have been ongoing since the early 1940s.
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Control measures have been based largely on chemical insecticides and a range of 
inorganic insecticides (such as arsenic solutions) and organic chemicals (such as 
organophosphates and organochlorines), have been designed and employed. The 
emergence of insect resistance (Whitten et al., 1980) has required an ongoing search for 
new control measures.
Growing awareness of the harmful consequences of insecticide use on the environment 
and the hazards of pesticide residues in farm products has stimulated research into the 
development of vaccines as an alternative control measure. Vaccination against fly 
strike is aimed at either controlling the predisposing condition, fleece rot, or direct 
control of the fly maggots. A vaccine against the major bacterial species found in fleece 
rot lesions Pseudomonas aeruginosa, (Merritt and Watts, 1978) has been developed by 
Burrell and MacDiarmid (1983). Results suggest that, although the vaccine may reduce 
fleece rot incidence, it does not have any effect on fly strike, due to involvement of 
other species of bacteria or factors independent of fleece rot (London and Griffith, 
1984; MacDiarmid and Burrell, 1986).
Strategies for direct vaccination against establishment of fly strike include the 
generation of an immune response in sheep through the injection of larval products 
involved in wound formation and larval nutrition (Johnston et al., 1992; Bowles et al., 
1987) or extracts of peritrophic membranes of third instar larvae (East et al., 1993). In 
fact, larval antigens (O’Donnell et al., 1981), particularly digestive enzymes, have 
formed the basis for design of these vaccines. Despite the potential advantages of 
vaccines, there are many problems still to be analysed. For example it is not known 
whether larval growth inhibition produces effective protection in the field, or whether 
sufficient antibodies will have early access to the larvae to significantly affect them. 
Greater knowledge of the structure and diversity of L. cuprina proteases may prove 
useful for future vaccine development.
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1.7 Life cycle of Lucilia cuprina
Females of many Diptera mature their first batch of eggs after protein feeding as adults 
(anautogeny) (Pappas and Fraenkel, 1977; Williams et al., 1977), but in some species 
and races, females have the ability to develop at least some oocytes without protein 
ingestion (autogeny) (Spielman, 1971; Chanda and Denlinger, 1976; Williams et al., 
1979).
Females of wild-caught strains of the Australian sheep blowfly, Lucilia cuprina 
(Wiedemann) are anautogenous and mainly oviposit on fleece rot of sheep. Once the 
eggs have hatched, the first instar larvae move on to the skin where excretory proteases 
facilitate formation of a nutritional source with high moisture by making inflamed and 
purulent wounds on the epidermis of the sheep (Bowles et al., 1988). These 
conditions lead to the survival of larvae and rapid growth of maggots to third instar 
within 48-72 hours, when the larvae are able to feed on blood (Sandeman et al, 1987). 
After five days, the maggots enter the next stage, in which they drop off the sheep 
(wandering phase) and pupate in the ground (resting phase). Emerged adults can 
survive on water and carbohydrates as an energy source, but protein feeding is a basic 
requirement for adult females to become sexually mature (Barton Browne et al., 1976). 
Once the flies have accumulated sufficient protein, egg production proceeds, leading 
ultimately to oviposition. The link between protein feeding and vitellogenesis depends 
in part on the action of proteases in the midgut of the fly.
Thus, in addition to their more obvious function in digestion, proteases have crucial 
roles in the life cycle of Lucilia cuprina; in the larval stage facilitating wound formation 
on the epidermis of the sheep, and in adults, as supporting factors in egg maturation.
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1.8 Aims of the project
The work described in this thesis aims to investigate the expression of midgut proteases 
in adult female L  cuprina. This was carried out in four steps as follows:
1) Characterization of the profile of protease activity in relation to protein feeding, 
using azocasein as a non-specific substrate and midgut tissues as an enzyme source.
2) Identifying highly expressed serine protease genes from Lucilia cuprina, using 
reverse transcriptase-PCR to generate and amplify the gene fragments.
3) Screening a genomic DNA library with one of the abundantly expressed serine 
proteases as probe to identify gene and protein structure. Analysis of the expression of 
this gene by in situ hybridizaition to gut tissues and northern blot hybridization at 
different developmental stages and in response to protein feeding.
4) Screening a cDNA library using one of the low expressed serine protease genes as a 
probe to isolate the gene and further characterize the protein sequence. Analysis of the 
expression of this gene by northern blot hybridization at various developmental stages 
and in response to protein feeding as well as in situ hybridization to gut tissues.
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Chapter 2
Materials and Methods
2.1 Materials
2.1.1 Chemicals, commercial kits and enzymes
A list of the chemicals, reagents and commercially prepared molecular biology kits used 
in this study is presented in Table A 1.1 of Appendix 1. Table A 1.2 presents a list of 
enzymes used in this study.
2.1.2 Media, buffers, solutions, bacterial, phage and plasmid stocks
Selective growth media for E.coli cells, buffers and solutions with their recipes are 
supplied in Table A1.3 (Appendix 1).
2.1.2.1 Bacterial stocks
The strains of Escherichia coli used in experiments reported in this thesis are listed as 
follows:
Strain genotype Reference
LE392 supEAA swpF58 hsdR5\4 galK.2 
galT22 metBX trpR55 lacYX
Sambrook. etal, 1989
JM109 containing a tetracycline resistance 
marker
Stratagene
XL 1-blue sup E44 hsdRXl recAX end AX 
gryA46thi reXAX F ’ (proAB lad 
lacZDMX5 TnlO^tet*)
Sambrook. etal, 1989
21
2.1.2.2 Phage and plasmid stocks
The lambda bacteriophage strains, plasmids and phagemids used in experiments are 
listed bellow.
Vector Application Source
Lambda ZAP II A lambda cDNA cloning vector designed 
for automatic excision of cloned 
fragments
Stratagene
Lambda-GEM-11 A lambda genomic cloning vector 
designed for simplified genomic library 
construction
Promega
pBluescript II 
pKS-, pSK-, 
pSK+
Phagemid vectors with multiple cloning 
sites expanded and organized for use 
with ExoIII, lacZ for blue/white colour 
selection, and fl origin of replication for 
single stranded DNA rescue
Stratagene
2.1.3 Nucleic acid molecular weight markers
Bacteriophage lambda DNA digested with Hindlll or BstEll and 100 base-pair ladder 
(Pharmacia) were used as molecular standards for double-stranded DNA and 
commercial RNA markers (Promega Biotec) were used on denaturing RNA gels. The 
Hind III digest of lambda DNA yeilds 8 fragments with the following number of base 
pairs: 23130, 9416, 6557, 4361, 2322, 2027, 564, 125. The BstE II digest of lambda 
DNA yeilds 14 fragments with the following number of bases: 8454, 7242, 6369, 
5686, 4822, 4324, 3675, 2323, 1929, 1371, 1264, 702, 224, 117. Number of 
nucleotides of RNA markers are: 9488, 6225, 3911, 2800, 1898, 872, 562, 363.
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2.2 Methods
2.2.1 Insects
Lucilia cuprina were reared at 29°C, with a 12h:12h light:dark photoperiod. Larval 
insects were reared on minced sheep liver supplemented with meat meal, fish meal and 
cotton lint. Adult flies were fed on sugar, sheep liver and water.
2.2.2 Dissections and tissue preparations
Midguts from adult L. cuprina of both sexes were used. Flies were anaesthetised on ice, 
pinned to Sylgard plates and submerged in PBS. Midgut tissues were rapidly dissected 
under cold saline, drained of excess liquid, snap frozen in an Eppendorf tube immersed in 
liquid nitrogen and stored at -80°C.
2.2.3 Protease assay
The midgut tissues were homogenized in 500 p.1 MOPS buffer (pH 7.4) using a
hand-held glass homogenizer. The homogenate was centrifuged at 12000 rpm in a 
microcentrifuge for 10 minutes and the supernatant was transferred to a fresh tube and 
used as the enzyme extract. Hydrolysis by total proteases present in the digestive fluid 
was assayed by a colourimetric method using azocasein as substrate (Chamey and 
Tomarelli, 1947). To start the reaction, 100 |il enzyme extract was added to 1 ml 
prewarmed (35°C) 0.1 M MOPS buffer (pH 7.4) containing 11 mg azocasein. The 
protease assay was performed at 35°C in a water bath. At 30 min intervals, 250 jal of 
the enzyme-substrate solution was removed and added to 100 jul of TCA (5%, w/v) to 
stop the reaction and to precipitate unreacted substrate. During this time the tubes were 
left on ice for 20 min. The precipitate was removed by centrifugation at 12000 rpm for 
2 min at 4°C in a microcentrifuge. The absorbance of the supernatant was measured in
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a spectrophotometer at 260 nm. All assays were run in duplicate. Reagent blanks were 
prepared for each assay. The blanks contained 100 pi MOPS buffer, pH 7.4 in 1 ml 
substrate solution (azocasein 11 mg/ml 0.1 M MOPS buffer, pH 7.4) and the 
absorbance of the blank was subtracted from the value of the test sample at each time 
interval.
2.2.4 Nucleic acid isolation
2.2.4.1 Mini-plasmid preparation
(i) Plasmidfast™ plasmid purification kit
Double-stranded DNA for sequencing was prepared with the ‘plasmidfast™ plasmid 
purification kit’ (Amresco). A bacterial culture, containing the desired plasmid was
inoculated into 5 ml of freshly made LB, containing 50 pg/ml ampicillin. The culture
was incubated at 37°C overnight with vigorous shaking, then cooled to 4°C. A volume 
of 1.5 ml of culture was transferred into a clean microcentrifuge tube and centrifuged at 
15000 rpm for 30 seconds to pellet the cells. Supernatant was decanted and the tube 
was centrifuged for 5 seconds more to remove any residual media. The cells were
resuspended with 200 pi cell resuspension buffer (Reagent 1) by gently pipetting up
and down, then lysed by adding 200 pi cell lysis buffer (Reagent 2). The reaction was
immediately mixed by vortexing the tube and then left at room temperature for 2 
minutes to effect cell lysis. To remove any protein contamination from the plasmid,
300 pi of protein removal buffer (Reagent 3) was added to the reaction, followed by 
incubation on ice for 5 minutes and centrifugation at 15000 rpm for 5 minutes. The 
supernatant was then transferred to a new tube and treated with 5 pi RNase A (Reagent
4) at 37°C for 5 minutes to remove RNA contamination. The plasmid was precipitated 
by centrifuging at 14000 rpm for 5 minutes, then washed with 70% ethanol, vortexed
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briefly and centrifuged for 2 minutes at 14000 rpm. The supernatant was decanted and 
the DNA pellet was dried under vaccum for 5 minutes, then resuspended in 20 pi TE 
buffer supplied with the kit.
(ii) Alkaline lysis minipreps
Plasmid DNA was isolated by the alkaline lysis method (Sambrook et al., 1989). A single 
bacterial colony was used to inoculate 2.0 ml of LB/AMP media and incubated overnight at 
37°C with vigorous shaking (200 opm). A 1.5 ml aliquot of the overnight culture was 
placed in a microfuge tube and centrifuged for 2 minutes at 5000 rpm. The bacterial pellet
was resuspended by vortexing in 100 pi of ice-cold alkaline lysis buffer and incubated for 5
minutes at room temperature. Then 200 pi of 0.2 M NaOH/l%SDS was added and the tube 
immediately inverted rapidly several times and placed on ice for 5 minutes. Following the 
addition of 150 pi of ice-cold potassium acetate neutralizing solution, the tube was
immediately vortexed gently in an inverted position for 10 seconds and then placed on ice for 
5 minutes. The tube was centrifuged at 4°C for 5 minutes at 15000 rpm and the supernatant 
was collected and extracted with an equal volume of phenol/LAC (1:1) by vortexing for 30 
seconds, centrifuging for 5 minutes at 15000 rpm and collecting the aqueous phase. DNA 
was precipitated by adding two volumes of 100% ethanol, vortexing for 10 seconds, 
incubating for 2 minutes at room temperature and then centrifuging for 5 minutes at 15000
rpm. The supernatant was washed with 500 pi of 70% ethanol, then centrifuged for 5 
minutes at 15000 rpm. The pellet was dried for 4 minutes in a vacuum desiccator and then 
resuspended in 20pl of TE pH 8.0 containing 20 pg/ml RNase A.
(iii) Analysis of transformants by colony cracking
This method was used as an alternative to plasmid minipreps to analyse large numbers 
of transformants. Individual colonies (approximately 1 mm) were replicated onto a grid
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on LB-Amp plates (50 pg/ml ampicillin) using sterile toothpicks. The remainder of
each colony was then swirled in 25 pi of fresh ‘cracking’ solution. This was repeated
for 15-40 colonies. The sample tubes were heated at 65°C for 30 minutes, then chilled 
on ice briefly. The extracts were electrophoresed with supercoiled plasmid standards 
(vector alone; plasmid approximately size of desired recombinant) at high voltage on 
1% agarose gels.
2.2.4.2 Phage DNA preparation
DNA from recombinant lambda bacteriophage was isolated as follows. Flasks containing 
50 ml of NZCYM medium were inoculated with 2 x 109 cells of E.coli strain LE392, 
(freshly grown in the presence of 0.2% maltose, (Sambrook et al., 1989)) to which 108 pfu
of the appropriate recombinant phage had been adsorbed by incubation at 37°C for 20 
minutes. The cultures were grown overnight with shaking a 37°C. The lysed cultures were 
then treated with 5 ml chlorofrom and incubated for a futher 30 minutes at 37°C. The lysate 
was then decanted into a centrifuge bottle, avoiding the chloroform, and centrifuged for 5 
minutes at 5000 rpm. The supernatant was decanted into fresh bottles, and DNase I and
RNase A were each added to final concentration of 4 pg/ml. The mixture was incubated at
37°C for 1 hour, followed by addition of an equal volume of 20% PEG/2.5 M NaCl and a 
further 1 hour incubation on ice and centrifugation at 10,000 rpm for 10 minutes. The phage 
pellets were resuspended in 0.6 ml SM buffer, and the phage particles disrupted by the 
addition of SDS to 0.2% w/v and EDTA to 5 mM final concentration with incubation at 60°C 
for 1 hour. The solutions were then extracted vigorously with phenol, phenol/chloroform 
and chloroform. The DNA was precipitated by adding 0.1 volumes of 3M sodium acetate 
and 2 volumes of cold ethanol and incubating for 1 hour at 4°C. DNA was recovered by
centrifugation and resuspended in 200 pi TE.
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2.2.4.3 Total RNA extraction
To extract total RNA, the Ultraspec-II RNA Purification System (Biotecx) was used. 
The method is based on a patented formulation of a 14M solution of guanidium salts 
and urea which act as denaturing agents and on the use of a specific RNA binding resin 
to purify total RNA. The method includes the following steps:
a) Homogenization: Midgut tissues (0.1 g) were homogenized with 1ml of Ultraspec 
RNA reagent with an Ultra-Turrax homogenizer. The homogenate was stored at 4°C 
for 5 min to completely dissociate nucleoprotein complexes.
b) RNA extraction: RNA was extracted by adding 0.2 volume of chloroform to 1 
volume of homogenate. The aqueous phase was recovered after centrifugation and 
RNA was precipitated with addition of 0.5 volume of isopropanol.
c) Purification: RNA was purified by mixing with RNA-Tack resin, which binds only 
RNA, while other impurities were washed away with 75% ethanol.
d) Elution: The purified RNA was eluted from the resin with DEPC-treated water. The 
purity of RNA was assessed by measuring the absorbance of the product at 260 and 
280 nm.
2.2.4.4 mRNA extraction
Polyadenylated RNA was isolated from midgut tissues using the Quick Prep Micro 
mRNA Purification Kit (Pharmacia) which combines the disruptive and protective 
properties of guanidinium thiocyanate (GTC) with the speed and selectivity of oligo 
(dT)-cellulose chromotography in a spun-column format. Ten dissected midgut tissues
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were homogenized with 400 pi of Extraction Buffer using a hand-held ground glass 
homogenizer. The homogenate was diluted with 800pl of Elution Buffer. Cleared 
homogenates were obtained after centrifugation for 1 min at high speed and then 1 ml of
supernatant was added to the top of the pellet of oligo-(dT) cellulose. Poly(A)+ RNA 
was allowed to bind to the oligo-(dT) cellulose matrix with gentle mixing for 3 min. 
The tubes were centrifuged at high speed for 10 seconds and the supernatant was 
removed from the pelleted oligo-(dT) cellulose. The pelleted material was then washed 
with 1ml aliquots of High-Salt Buffer five times, followed by two washes with Low- 
Salt Buffer. Each washing was accomplished by a process of resuspension and brief 
(10 second) re-centrifugation. The pelleted oligo-(dT) cellulose was resuspended in 
300 pi of Low-Salt Buffer and transferred to a microspin column placed in a micro 
centrifuge tube. The column was washed with three 500 pi aliquots of Low-Salt 
Buffer, with a five second centrifugation between each addition of buffer. Finally the 
polyadenylated material was eluted with two applications of 200 pi of prewarmed 
(65°C) Elution Buffer. The column was removed and the tube containing the eluted 
mRNA was placed on ice for quantitation. The concentration of mRNA in the final 
eluate was determined by spectrophotometry. The absorbance of the solution was 
measured at 260 nm, using cuvettes that had been soaked for 1 h in concentrated 
HClimethanol (1:1) and washed extensively in water that had been treated with DEPC 
to destroy ribonuclease activity.
Precipitation of mRNA was performed by adding lOpl glycogen solution and 40 pi 
potassium acetate solution to 400 pi of mRNA samples. The samples were stored at 
-20°C for 30 min after adding 1ml of 95% cold (-20°C) ethanol. mRNA was recovered 
by centrifugation at 4°C for 5 min and the pellet was dissolved in an appropriate volume 
of DEPC treated water and placed at -80°C until required.
28
2.2.5 Amplification of DNA fragments
2.2.5.1 Reverse transcription
First strand cDNA was prepared from mRNA using 2 units of Moloney murine 
leukaemia virus reverse transcriptase and adding the following reagents in a final 
volume of 20 pi: 2 pi 10 X amplification buffer, 2 pi 1 mM each dNTP, 20 units 
RNasin, 100 pmol oligo (dT) (or random hexamer), and 10 pi of sample RNA. The 
reaction was incubated for 40 minutes at 37°C, heated at 95°C for 5 min to denature the 
mRNA-cDNA hybrid molecules and then quickly chilled on ice, followed by brief 
centrifugation.
2.2.5.2 ’Nested PCR’
First strand cDNA was amplified by a 'nested PCR' approach, which utilized two 
consecutive PCR reactions, each involving 37 cycles of amplification and two different 
pairs of primers in a Corbett Research thermocycler.
Minimally degenerate primers approximately 20 bp in length were designed from the 
consensus sequence derived from the alignment of full trypsin gene sequences of 
Drosophila melanogaster and Aedes aegypti (Fig. 2.1). The Tryp 1 and Tryp 4 
oligonucleotides are external primers predicted to produce a 552 bp fragment. Tryp 2 
and Tryp 3 are an internal primer pair, that generate fragments 468 bp in length. 
Primers Tryp 1 and Tryp 2 prime the template in sense orientation and primers Tryp 3 
and Tryp 4 in antisense orientation. The DNA sequence of primers Tryp 1, 2, 3, and 
4, respectively, are as follows:
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Primer Sequence
Trypl CA(1CT)TT(CT)TG(CT)GGX2GGX(TA)(CG)(ACGT)(ACT)T
Tryp2 (GA)TX(GA)TXAC(ACGT)GCXG(CG)XCA(CT)TG
Tryp3 GG(GTA)CCXCCX(GC)(AT)(AG)TCXCC(CT)TG(GA)CA
Tryp4 CCCCAX(GC)(AT)XACXA(CT)(GTA)CC(ACGT)AC
1. residues in parentheses ( ) denote alternative nucleotides used due to codon 
redundancy.
2. X denotes Inosine which was used as a neutral base at positions where all four 
nucleotides occur, to minimize primer degeneracy.
a. First PCR reaction
To the heat-treated reverse transcriptase reaction (Section 2.2.4.2), 75pl of lx 
amplification buffer and 100 pmol each of outer primers (Trypi and Tryp4) were 
added. The reaction was overlaid with 100p.l of mineral oil to prevent evaporation of 
liquid during thermal cycling and then it was subjected to an initial denaturation of 5 
min at 95°C. After this step, 2.5 units of Taq DNA polymerase were added to the 
reaction followed by 37 cycles of PCR consisting of, denaturing for 1 min at 95°C, 
annealing for 1 min at 45°C and extension for 1 min at 72°C.
30
M LKIVILLSA WCALGGTVP EGLLPQLDGR 
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............MFTST WFASLMALA SAFPSLDNGR
Trypi Tryp2
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Fig. 2.1 Multiple sequence alignment of dipteran trypsin-like sequences with the 
boxes showing the regions used for PCR primer design, dmtrya(lpha) (Davis et al., 
1985), dmtryb(eta) and dmtrye(psilon) (Wang et al., 1994, unpublished) indicate 
Drosophila melanogaster trypsins, aatryp5gl,aatryp3a 1 and aatryp (Kalhok et al., 
1993), indicate Aedes aegypti trypsins.
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b. Second PCR reaction
In the second PCR reaction, 2pl of the first set of PCR products were used as template
and made up to a total volume of 50pl with distilled water, dNTPs, 10X Taq
polymerase buffer and lOOpmol of each internal primer as described above. The 
remainder of the procedure was carried out as described for the first PCR reaction. At 
the end of the reaction, mineral oil was extracted with chloroform and the products 
were run on 2% agarose gel.
2.2.6 Restriction enzyme digestion, DNA fragment isolation, cloning 
and subcloning
2.2.6.1 Restriction enzyme digests
Restriction enzyme digests were used to analyse DNA prepared by the techniques described 
in section 2.2.4. The purpose of the digest determined the size of the digest. Small scale
reactions of 20 p.1 were commonly used for map restriction sites in plasmid DNA. Large
scale reactions of 200-500 pi were used for isolation of specific fragments, preparing double
digests and preparing size markers. The amount of DNA used in each digest varied with 
respect to the preparation. The enzyme-specific 10X buffer was added to a final 
concentration of IX to ensure optimum conditions for the enzyme. Nuclease-free bovine 
serum albumin (BSA) was added to the reaction to a final concentration of 0.5 mg/ml. 
DNase-free RNaseA was added to reactions containing residual RNA at a final concentration
of 50 pg/ml. Spermidine (5mM) was added to some reactions to improve digestion
efficiency. Reactions were incubated for varying lengths of time, depending on the quality 
and quantity of DNA present, but were usually completed in two hours. The digests were 
maintained at the optimal temperature for the enzyme used.
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2.2.6.2 Isolation of DNA fragments from agarose gels
Extraction of DNA from agarose gels was carried out using the ‘Progenius kit’ 
(Progen). A slice of agarose gel, containing the DNA fragment of interest was 
dissolved at 55°C in 2.5 volumes of Nal solution (provided in the kit) for 10 minutes.
The DNA was bound to 5pl of silica suspension with frequent gentle mixing at room 
temperature for 5 minutes. The complex of DNA-silica matrix was sedimented by brief 
centrifugation and the supernatant was removed and discarded. Silica-DNA was 
resuspended in 1.5 ml of ethanol wash solution. Silica was pelleted by centrifugation 
and the ethanol wash buffer was removed. The remaining buffer was collected by a
second brief centrifugation of the sample. The DNA was eluted into 10 pi TE buffer by
incubation at 55°C for 5 minutes. The DNA released from the silica during the elution 
was collected after sedimentation of the silica matrix by brief centrifugation. A second 
elution was conducted to improve yield.
2.2.6.3 Cloning and subcloning
Cloning or subcloning a DNA fragment involved three steps: preparation of plasmid 
vector, ligation and transformation.
(i) Preparation of plasmid vectors
The vector was digested with suitable restriction enzyme(s) to produce ends compatible with 
those of the insert fragments. To prevent recircularization and self-religation, the linearized 
vector was treated with calf intestinal alkaline phosphatase (CIAP). To do this, the digested
vecotor was ethanol precipitated, recovered and resuspended in 40 pi of 10 mM Tris HC1,
pH 8.0. A volume of 5 pi 10X CIAP buffer and 5 pi of 0.1 U/pl CIAP enzyme were added 
to the resuspended DNA. The reaction was incubated at 37°C. After 30 minutes incubation,
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5 pi of 0.1 U/jil CIAP enzyme was again added to the reaction and incubation was continued
for further 30 minutes. Then 55 pi TE buffer was added and the reaction was extracted with
phenol/chloroform, precipitated with ethanol overnight at -20°C. The DNA was recovered 
from ethanol with centrifugation at 12000 rpm, washing with 70% ethanol and drying under
vacuum for 5 minutes. The DNA pellet was resuspended in 10 pi TE and then checked on
an agarose gel.
(ii) Ligation and transformation
DNA fragments may be cloned by either the 'shotgun' or fragment isolation technique. 
'Shotgun' cloning involved restriction enzyme digest of DNA from which a specific 
fragment was to be cloned. This total reaction was then used in a ligation reaction
which was incubated overnight at 16°C in the presence of T4 DNA ligase. The ligation 
reaction was then transformed into competent cells. Preparation of competent cells for 
transformation was done according to Maniatis et al. (1982). The transformation 
reaction was plated on IPTG-X-gal-ampicillin LB-plates. IPTG-X-gal-ampicillin plates 
effectively select bacterial colonies containing the ampicillin resistance gene and a
disrupted ß-galactosidase gene. X-Gal (5-bromo-4-chloro-3-indolyl-ß- 
D-galactopyranoside) is a galactose analogue that produces a blue pigment when 
cleaved by ß-galactosidase. Insertion of DNA fragments into the multiple cloning site
of these vectors disrupts the ß-galactosidase gene, making it inactive or producing an
abnormal polypeptide. In either case white or light blue colonies were clearly 
distinguishable from the dark blue ones containing plasmids with an intact
ß-galactosidase gene. Transformants were transferred to LB-Amp plates after they had
been analysed by colony cracking preps.
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2.2.6.4 Automated subcloning
Automated subcloning in pBluescript SK- vector was carried out using the in vivo 
excision protocol using the ExAssist™/SORL™ system. This system uses XLl-Blue 
as host cells and Ex Assist helper phage to efficiently excise the pBluescript phagemid 
from the lambda ZAP II vector.
After cDNA plaque purification 100 pi of phage stock (>1 X 105 phage particles) were
allowed to infect 200 pi XLl-Blue cells which were co-infected with 1 pi helper phage
(>1 X 106 pfu/ml). The mixture was incubated at 37°C for 30 minutes, added to 3 ml 
of 2YT media and then incubated at 37°C for a further 2.5 hours with shaking. This 
culture was heated at 70°C for 20 minutes, then centrifuged at 5000 rpm for 15 minutes 
to pellet the cells. The supernatant (phage stock) containing the plasmid packaged as 
filamentous phage particles was decanted into fresh tubes and stored at 4°C. To plate
the rescued phagemid, 200 pi of XLl-Blue cells (OD6(XJ=1.0) was added to two tubes. 
Of those two tubes, one was infected with 1 pi phage stock and the other was infected 
with 50 pi phage stock. The tubes were incubated at 37°C for 15 minutes. A volume
of 100 pi of each tubes was plated on LB-Ampicillin plates (50 pg/ml) and plates were 
incubated at 37°C overnight.
2.2.7 Electrophoresis of nucleic acids
2.2.7.1 Agarose gel electrophoresis of DNA
Gel electrophoresis allows separation of variably sized DNA molecules due to their 
differing relative mobilities in an agarose gel matrix. The type (standard agarose or low 
melting temperature agarose) and percentage of gel used depended on the range and size
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of the DNA molecules to be separated. For 1-5 kb fragments 1% gels were used, while 
fragments less than 1 kb were separated on 1.5-2.0% gels. Voltage applied to 
TAE/agarose varied from 10-100V depending on percentage of the gel, the volume of 
buffer added and the duration of the run. Visualization of the separated fragments was 
accomplished by ethidium bromide staining and U.V. transillumination. Preparation of 
an agarose gel was carried out as described by Sambrook et al. (1989).
2.2.7.2 Formaldehyde agarose gel electrophoresis of RNA
RNA was run on a formaldehyde agarose gel (1.2%) containing, 1.2 g of agarose, 73 
ml H2 O, 10 ml 10X MOPS buffer and 17 ml 37%(v/v) formaldehyde. RNA (5 jig)
samples were made up to 20 pi with 2 pi lxMOPS buffer, 3.5 pi deionized
formaldehyde, 10 pi 50% deionized formamide, 2.0 pi 10 pg/ml ethidium bromide and
DEPC-treated water, incubated at 60°C for 15 minutes and placed on ice before 
loading. The gel was run in lxMOPS running buffer at 37mA. After electrophoresis, 
the gel was rinsed with DEPC-treated H2 O to remove excess formaldehyde. RNA was 
visualized by U.V. transillumination.
2.2.8 DNA transfer, prehybridization and hybridization 
2.2.8.1 Alkaline Southern transfer of DNA
DNA fragments were transferred from the gel to Gene Screen Plus membrane by 
capillary action in 0.4 M NaOH as follows. After electrophoresis, the gel was 
transferred to a glass baking dish and any unwanted areas of the gel were trimmed off 
with a razor blade. Three pieces of 3 MM Whatman paper, longer than the gel were 
soaked in 0.4 M NaOH and layered on a glass plate to form a support for the gel. The 
support was placed on top of the large dish, with the ends of the papers hanging inside
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the dish. The dish was filled with 0.4 M NaOH until the level of liquid reached almost 
half the length of the papers. The gel was inverted and placed on the support so that it 
was centered on the wet papers. A piece of nylon membrane, the same size as the gel 
was soaked in 0.4 M NaOH and placed on top of the gel. Any air bubbles between the 
membrane and the gel were smoothed out with a glass pipette. Ten pieces of 3 MM 
papers (cut exactly the same size as the gel) were placed on the top of the wet 
membrane. A stack of paper towels (5-8 cm high) cut to the same size as the gel were 
placed on the 3 MM papers. A weight (-500 g) was applied to the top of the paper 
towels helping to ensure a tight connection between the layers of material used in the 
transfer system. The transfer of DNA to membrane was allowed to proceed for at least 
6 hours. The 3MM papers and paper towels were removed and the position of the 
origin was marked on the membrane with a soft lead pencil. The gel was discarded and 
the membrane was neutralized in 2X SSC for 30 minutes. If not for immediate use, the
filter was dried on blotting paper, sealed in a plastic bag and stored at -20°C.
2.2.8.2 Prehybridization and hybridization of DNA
Prehybridization of membranes was performed in a solution containing 5X SSC, 0.1% 
(w/v) Denhardf s solution, 1 mM EDTA and 200 jig/ml dentaured salmon sperm DNA
in a 'Hybaid' oven at 63°C. The membranes were hybridized for 16 hours at 63°C by 
adding denatured probe to the prehybridization solution. Hybridized membranes were
washed in IX SSC/ 0.1%SDS for 3 x 30 minutes at 63°C. Membranes were marked 
for their orientation with fluorescent ink, sealed in plastic bags and placed in a Kodak 
X-omatic cassette with intensifying screens. Length of exposure depended on the 
amount of radioactive isotope bound to the membrane. 3000 counts/second received 3 
to 4 hour exposures, while weaker signals, 150-200 counts/second were exposed for
approximately 12 hours. All exposures were done at -70°C.
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2.2.9 RNA transfer, prehybridization and hybridization
2.2.9.1 Alkaline northern transfer of RNA
The transfer of RNA from the formaldehyde gel to charged nylon membrane (Gene 
Screen Plus) was carried out as described in Section 2.2.8.1, with the following 
modifications. Prior to transfer, the formaldehyde gel was rinsed twice in DEPC- 
treated water (5 minutes each rinse) to remove formaldehyde. The transfer solution 
was 50 mM NaOH and the membrane was pre-wetted in 50 mM NaOH, prior to 
application to the gel. After transfer, the membrane was rinsed briefly in 2X SSPE, 
and allowed to dry at room temperature. If the blot was not required for immediate use, 
it was sealed in plastic and stored at 4°C.
2.2.9.2 Prehybridization and hybridization of RNA
Prehybridization of membranes was carried out in a solution containing 1.5X SSPE, 
2% SDS, 5% BSA, 400pg/ml denatured (at 95°C) salmon sperm DNA and 50% 
deionised formamide in a total volume of 25 ml for 2 hours at 45°C in a ‘Hybaid’ oven. 
The membranes were hybridized at 45° in a ‘Hybaid’ oven by adding riboprobe to
prehybridization solution. Hybridization was performed overnight for at least 16 
hours. Following hybridization the membranes were washed three times (each for 30 
minutes) in 0.1X SSC/0.1 % SDS at 60°C. At the end, the membranes were rinsed 
briefly in 2 X SSC, blotted on 3 MM paper to remove excess moisture, then sealed in 
plastic bags to be placed in a Kodak X-omatic cassette with intensifying screens. 
Length of exposure was determined as described in Section 2.2.8.2.
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2.2.10 Nucleic acid labeling
2.2.10.1 Radiolabeling of DNA
DNA was radiolabeled with oc32P-dATP by random-primed synthesis using the NEBlot 
(New England Biolabs) system as described in the manufacturer's protocol. About 25 
ng of DNA was made up to 33 pi final volume with nuclease free ddH20, denatured in 
a boiling water bath for 5 minutes and then placed on ice for 5 minutes. The tube was 
briefly centrifuged at 15000 rpm, 5 pi 10X labeling buffer containing random
octanucleotides, 2pl each of 0.5 mM dCTP, dGTP and dTTP, 5 pi of a 32P-dATP 
(10pCi/pl) and lp l DNA polymerase-I Klenow fragment (5U/pl) were added and the
tube incubated at 37°C for 1 hour. The reaction was terminated by adding 0.5 pi 
0.5 M EDTA.
Incorporation of labeled nucleotides was assayed by spotting 0.5 pi of reaction (before 
adding Klenow fragment and again after terminating the reaction) on a small sheet of 
plastic-baked PEI-cellulose. The chromatography sheet was developed in 0.5 M 
ammonium bicarbonate for 10 minutes, then dried, wrapped in Glad Wrap and 
autoradiographed for 15 minutes at room temperature. The efficiency of incorporation 
was assessed visually. The presence of unincorporated nucleotides in the probe 
produces undesirable background radioactivity bound to the membrane. Therefore, 
unincorporated nucleotides were separated and discarded from unincorporated 
nucleotides by the use of a Sephadex-G50 column as described in Maniatis et al. 
(1982).
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2.2.10.2 Radiolabeling of RNA
To prepare template for riboprobe synthesis, miniprep DNA of desired clone was first 
linearized by cutting with a restriction enzyme in the multiple cloning site at the 5' end 
of the insert strand complementary to the required RNA molecule. Following the 
restriction digest the reaction was extracted with equal volumes (1:1) of phenol/IAC 
(RNase-free). The DNA was then precipitated overnight at -20°C with the addition of 
0.1 volumes of RNase-free 3 M sodium acetate and two volumes of 100% ethanol. 
The template was then recovered from ethanol, washed with RNase-free 70% ethanol,
dried and then resuspended in 10 pi DEPC-treated ddH2Ü.
Synthesis of the riboprobe was carried out by the method of Melton et al. (1984). The 
linearized template (500 ng) was added to a microcentrifuge containing 5 pi 
transcription buffer (Promega Biotec), 2 pi 100 mM DDT, 20 units RNasin, 4 pi of
ATP, GTP and CTP mix (0.4 mM each NTP), 2.4 pi of 100 pM UTP, 50 pCi cc-32P-
UTP and 20 units of RNA polymerase, in a final volume of 20 pi and incubated at 37°C 
for 60 minutes. This was followed by addition of 1.5 pi of RNase-free DNase and 
incubation at 37°C for 15 minutes. The riboprobe was precipitated by adding 0.5 
volume 7.5 M ammonium-acetate and 2.5 volumes of ethanol and incubation at -20°C 
for 30 minutes, and centrifugation for 5 minutes. After washing in 70 % ethanol the 
pellet was resuspended in 20pl RNase-free TE buffer, and stored at -70°C.
2.2.10.3 Nonradioactive labeling of RNA
The template for a synthesis of non-radioactively labeled probes was prepared as 
described above for the radiolabled RNA probe. The linearized template (500 ng) was 
made up to a total volume of 20 pi by adding 5X transcription buffer, 100 mM DDT,
40
20 uints RNasin, ImM of each deoxynucleotides (ATP, CTP, GTP, TTP), 0.65 mM 
UTP, 0.35 mM DIG UTP and 20 units of RNA polymerase. The reaction was 
incubated at 37°C for 2 hours, treated with 1.5 pi RNase-free DNase for 15 minutes at
37°C, then terminated by adding 1.0 pi 0.5 M EDTA and precipitated with 2.5 pi 4 M
lithium chloride, 75 pi 100% cold ethanol and incubation at -80°C for 30 minutes. The 
product was recovered from ethanol, washed with 70% ethanol, dried under vacuum 
and resuspended in 40 pi TE (RNase-free) at 37°C for 30 minutes. The riboprobe 
solution was added to 5.5 pi 1 M sodium carbonate and incubated at 60°C for 5-20 
minutes (depending on initial length of probe). The product was precipitated with 2 pi 
3M sodium carbonate, pH5.2, 2 pi tRNA and 150 pi 100% cold ethanol, followed by 
incubation on ice for 30 minutes. The RNA was pelleted by centrifuging at 15000 rpm 
for 15 minutes in a microcentrifuge, washed with 70% ethanol, dried under vacuum 
and dissolved in 50 pi DEPC-treated H20  for 30 minutes at 37°C.
The quality of the DIG-labeled RNA probe (digoxigenin incorporation) was evaluated 
by spotting 2 pi aliquots of different concentrations of RNA probe ( 10_1, 1 0 2, 10~3
and 10'4 dilution of probe in RNA dilution buffer) on a 10 cm2 grid of pre-wetted 
Gene-Screen Plus membrane along side of the same concentrations of a control DNA. 
Immunological detection of dot blots was carried out by washing the membrane briefly 
in buffer 1 (maleate buffer), incubation for 30 minutes with 100 ml buffer 2 (blocking 
solution) and then incubation for 30 minutes with 20 ml of diluted antibody (anti- 
digoxigenin alkaline phosphatase conjugate to 150 mU/ml in buffer 2). Unbound 
antibody was removed from the membrane by washing twice for 15 minutes with 100 
ml of buffer 1. Membranes were equilibrated for 2 minutes with 20 ml of buffer 3 (100 
mM Tris-HCl, 100 mM NaCl , 50 mM MgCl2, pH 9.5). The membrane was then 
incubated with 10 ml freshly prepared colour-substrate solution (45 pi NBT-solution + 
35 pi X-phosphate solution added to 10 ml of buffer 3) in a box in the dark until colour
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had developed. The reaction was stopped by washing the membrane for 5 minutes 
with 50 ml of buffer 4 (TE).
2.2.11 Library screening
2.2.11.1 Genomic library screening and plaque purification
Screening of recombinant phage libraries was done using large (14 cm) plates with 
plaque densities of 50,000 per plate. Subsequent plaque purification steps were done 
on standard (9 cm) plates with plaque densities of 100-200 per plate.
Plating cells were prepared from culture of E.coli strain LE392. A volume of 10 ml LB 
medium (supplemented with 10 mM M gS04 and 0.2% w/v maltose) was inoculated 
with a single colony. The culture was allowed to grow by incubation at 37°C overnight 
with vigorous shaking. The cells were then pelleted by centrifugation at 5000 rpm for 
10 minutes and resuspended in 4 ml of 10 mM M gS04. Aliquots of phage were
incubated with 100/300 p.1 (9 cm plates/14 cm plates) of plating cells for 20 minutes at
37°C to allow phage to adsorb to the cells. These were then mixed with either 3 ml (9 
cm plates) or 9 ml (14 cm plates) of molten top agarose and overlaid onto NZCYM 
bottom agar plates followed by overnight incubation at 37°C. Transfer of phage DNA 
to nitrocellulose filters was done essentially by the method of Benton and Davis (1977) 
followed by baking at 80°C in vacuum for 2 hours to covalently bind the DNA to the 
filters. After hybridization and autoradiography, positively hybridizing plaques were 
cored from the plates with a Pasteur pipette and stored in SM buffer containing 1% 
chloroform. Appropriated dilutions of phage were plated out as described above for 
subsequent rounds of plaque purification.
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2.2.11.2 cDNA library screening and plaque purification
cDNA library screening and plaque purification of cDNA clones were carried out as 
described above for the genomic library except that the E.coli host strain XL 1-Blue was 
used.
2.2.12 In situ hybridization
Whole midguts from 15 sugar-fed and 15 protein-fed flies were dissected in PBS and 
fixed in 4 % paraformaldehyde (PP) for 30 min. After fixation in PP the preparations 
were permeabilised in 90% methanol plus 10% 0.5M EGTA (ME) through steps 
consisting of ME+PP as follows; (a) 7/3 ME/PP for 5 min, (b) 1/1 ME/PP-5 min, (c) 
3/7 ME/PP for 5 min (d) 100% PP for 20 min and (e) 100% PBS for 10 min. After 
rehydration the tissues were washed in PBT (PBS containing 0.1% Tween 20) for 3 x 
5 min, followed by incubation in proteinase K (50 pg/ml) in PBS for 7 min. The 
digestion was stopped by incubating for 2 min in PBT containing glycine (2 mg/ml). 
Tissues were then washed 2 x 5  min in PBT and finally refixed in PP for 20 min, 
followed by washing in PBT 3 x 1 0  min.
Hybridization of tissues with RNA probe was carried out overnight at 45°C in a 
waterbath by adding heat denatured probe to hybridization solution (HS) after two steps 
of washing (in 1/1 (v/v) HS/PBT for 20 minutes and in HS alone for 30 minutes) and 
prehybridisation at 45°C for 30 minutes to reduce non-specific probe binding. The 
hybridization was followed by sequential 20 minute washes in: HS, 4/1 (v/v) HS/PBT, 
3/2 (v/v) HS/PBT, 2/3 (v/v) HS/PBT, 1/4 (v/v) HS/PBT, 100 % PBT and 100 % 
PBT, to remove unhybridized probe from tissues. The midguts were incubated in a 
1/2000 dilution of antibody/conjugate for 1 hour on a revolving wheel. Unbound 
antibody was removed from the tissues by four 20 min washes in PBT and three 5 min 
changes of buffer 3. Then the midgut tissues were incubated with 1 ml of buffer 3
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containing 4.5 pi of NBT and 3.5 pi of BCIP for 20 minutes. The reaction was 
stopped by rinsing three times in PBT. Finally tissues were stored in 70% glycerol and 
mounted on microscope slides.
2.2.13 DNA sequencing and analysis
2.2.13.1 Generation of nested deletions by Exonuclease III digestion
Unidirectional deletions of targeted DNA was done following the method developed by 
Henikoff (1984, 1987) to allow sequence analysis of large DNA fragments. The DNA 
fragments to be sequenced were cloned into the multiple cloning site of an appropriate 
vector (pBluescript SK-) such that at least two unique restriction sites lie between one 
end of the insert and the sequencing primer binding site in the vector.
A fresh DNA miniprep of the recombinant plasmid was double-digested with the 
appropriate enzymes. One enzyme (proximal to the insert) should leave a 5’ (single- 
stranded) overhang or blunt end and the other (proximal to the plasmid) should leave a 
3’overhang that is resistant to digestion by exonuclease III. After digestion the reaction 
was extracted with phenol and IAC, and precipitated with ethanol overnight at -20°C. 
The digested DNA was then dissolved in ExoIII buffer (66mM Tris-Cl pH8.0, MgCl2), 
the total volume being determined by the number of time points needed to delete the
whole insert. (This was based on a requirement of a 2.5 pi time point sample being 
taken for every 250 bp deleted, and results in a DNA concentration of approximately 
80-90 pg/ml). Digestion was carried out at 32°C after the addition of 300-500 units of 
Exonuclease III. An initial period of 20-30 seconds was allowed to elapse after which 
2.5 pi samples were removed at timed intervals (60 seconds) to tubes containing 7.5 pi
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of SI nuclease mix (40mM KOAc pH4.6, 300 mM NaCl, 1.5 mM ZnS04, 7% 
glycerol, 1.5 U SI nuclease). Exonuclease III digestion proceeds from the blunt end or 
5’ overhang into the insert. The samples were stored on ice until all time points had 
been taken, and then incubated at room temperature for 30 minutes. The reaction was
inactivated by the addition of 1 pi stop buffer (0.3 M Tris base, 0.05 M EDTA) and 
incubation at 70°C for 10 minutes. Success of the deletion procedure was checked by 
running a lp l aliquot from each time point (with the undeleted clone and the linearized 
vector DNA as size standards) on a 1% agarose gel. Later timepoint samples which 
were smaller than the linearized vector alone were rejected. To the other samples, lpt1 
of Klenow mix (20 mM Tris-Cl pH8.0, lOOmM MgCl2, 250 units/ml Klenow fragment 
DNA polymerase), and 1 pi of ExoIII dNTP mix (0.125 mM each of dATP, dCTP,
dTTP and dGTP) were added, followed by incubation at 37°C for 10-15 minutes. This 
ensures that the fragments are blunt-ended. The blunt-ended DNA was then
recircularized with the addition of 40 pi of ligation mix (50 mM Tris-Cl pH 7.6, 10 mM 
MgCl2, ImM dATP and 5 units/ml T4 ligase) and incubation at 16°C overnight. About 
half (20 pi) of each sample was transformed into E.coli competent cells (strain JPA101)
which were then plated onto LB-agar containing ampicilin (50 pg/ml) and tetracycline
(25 pg/ml).
2.2.13.2 Dye-primer cycle sequencing
Dye primer cycle sequencing was performed on double-stranded DNA templates 
prepared by Plasmidfast ™ plasmid purification kit. For sequencing of each DNA 
template, four separate sequencing reactions were set up as A, C, G and T with the total
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volume of 5 pi for A and C and 10 pi for G and T. Each sequencing reaction contained
an equal volume of dye labeled primer (A/C/G/T), dideoxynucleotide mix (dATP/ 
dCTP/ dGTP/ dTTP), 5 X cycle sequencing buffer and diluted Taq DNA polymerase
(Taq DNA polymerase (5U/jil) was diluted to 4U/7.0 pi with the addition of 1 pi 5 X
cycle sequencing buffer and 5.2 pi water). The sequencing reactions were performed in
a thermal cycler sequencing machine (Corbett research FTS-1S capillary thermal 
sequencer) with the following program:
C y c le T im e  (S e c ) T em p eratu re (°C)
1 120 95
2-16 30 95
30 55
60 70
17-31 30 95
60 70
32 60 25
At the end of thermal cycling, four reactions were mixed and transferred into one tube. 
This reaction was ethanol precipitated by adding 1.8 pi 3 M sodium acetate and 80 pi
100% ethanol and incubation on ice for 20 minutes. The product was recovered by 
centrifuging at 14000 rpm for 20 minutes, washed with 70% ethanol, then dried under 
vacuum for 3 minutes. The tube containing sequencing products was wrapped in foil 
and kept at 4°C, until being processed for automated sequencing.
2.2.13.3 Dyedeoxy™ terminator cycle sequencing
The PRISM ready reaction dideoxy terminator cycle sequencing kit was used for 
sequencing of double-stranded DNA templates with designed primers. The 
performance of this kit relied on four ABI dye-labeled dideoxy nucleotides: A, C, G
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and T dideoxyterminators to terminate the reaction and a thermally stable enzyme, 
AmpYiTaq DNA polymerase to allow the reaction to be run at high temperature. DNA 
template for sequencing was prepared by Plasmidfast™ plasmid purification kit.
Sequencing reaction with the total volume of 20 pi was set up by mixing 1 pg DNA
template, 9.5 pi terminator premix, 0.8 pmol primer and sufficient water. The reaction
was performed with a thermal cycler sequencing machine (Corbett Research FTS-1S 
capillary thermal sequencer) with a program as follows:
Cycle Time (Sec) Temperature (°C)
1 120 96
2-31 30 96
15 44
240 60
32 60 25
At the end of the thermal cycling, the reaction was mixed with 80pl water and it was
extracted with 100 pi of phenol: H 20 : chloroform (68:8:14) reagent supplied with the 
kit. The tube was vortexed and centrifuged, then the lower phase solution was 
decanted and the aqueous phase re-extracted with a second 100 pi aliquot of the phenol
: H 20 : chloroform reagent. The mixture was vortexed and centrifuged, then the 
aqueous phase was transferred to a clean tube. The extension products were
precipitated by adding 15 pi of 2 M sodium acetate, pH 4.5 and 300 pi 100% ethanol
followed by incubation on ice for 1 hour. The mixture was centrifuged at room 
temperature for 15 minutes, washed with 70% ethanol, then dried under vacuum for 3 
minutes. Tubes containing sequencing products were wrapped in foil and kept at 4°C 
until being processed for automated sequencing.
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2.2.13.4 Computer aided sequence analysis
All sequence data were analysed using GCG package (Version 7.0) developed by 
Devereux et al.(1984). Database searches were either undertaken through the National 
Center for Biotechnology Information (NCBI), Bethseda, USA, using the Blast 
network service (Altschul et al., 1990), or were performed locally using FASTA and 
TFASTA (Pearson and Lipman, 1988) programs to search the GenBank (Bilofsky and 
Burks, 1988) (Release 84.0), PIR-Protein (Release 41.0), SWISS-PROT (Release 
29.0) and EMBL (Release 39.0) databases. Blast/retrieve e-mail servers provided by 
NCBI were used to find and retrieve homologous sequences from data bases against 
the sequences identified in this study. Analysis of protein sequences for recognition of 
signal peptide was performed using the ‘PSORT program of National Institute for 
Basic Biology (NIBB) (Kenat Nakai). Conserved motifs on protein sequences were 
searched using ‘M otif program by GCG package. Alignments were generated by 
'Bestfif, 'Gap' and 'Pileup' programs, using the GCG package (Version 7.0). A brief 
description of those programs is given below.
-‘Bestfif: as a best alignment of the optimal segment of similarity between two 
sequences (Smith and Waterman, 1981)
-‘Gap’: as a best alignment of the two sequences over the entire length of these 
sequences (Needleman and Wunsh, 1970).
-‘Pileup’: as a multiple sequence alignment from a group of related sequences using 
progressive, pairwise alignments. It can also plot a tree showing the clustering 
relationships used to create the alignment (Pearson and Lipman, 1988).
-‘(T)FASTA’: a search for similarity between a query sequence and any group of 
sequences.
-‘PSORT’: predicts the presence of signal peptide sequences by von Heijne method 
(von Heijne, 1986).
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-‘Motifs’: tests for the presence of conserved sequence motifs by searching the query 
protein structures for the structure defined in the PROSITE Dictionary of Protein Sites 
and Patterns (Amos Bairoch, University of Geneva).
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Chapter 3
Pattern of protease expression in response to protein feeding
in adult female L. cuprina.
3.1 Introduction
Insects use a variety of proteases to hydrolyse ingested protein. Identification and 
characterization of these enzymes has usually relied on the hydrolysis of specific 
synthetic substrates or inhibition by protease inhibitors. However, when knowledge of 
individual enzymes or identification of different classes of enzymes is not required, 
total proteolytic activity can be determined with non-specific protein substrates such as 
azocol or azocasein.
The purpose of the experiments reported in this chapter was to characterize the pattem 
of midgut protease activity in relation to protein feeding and ovarian development in 
adult female L. cuprina. This approach involved the development of a colourimetric 
method to monitor hydrolysis of the soluble chromophoric protein substrate 
sulfanilamid-azocasein. Digestion of the azo-protein in alkaline solution resulted in the 
formation of coloured components that were soluble in trichloroacetic acid (TCA). The 
increase in colour in a TCA supernatant of the digestion mixture, measured by 
spectrophotomery, was a function of enzyme activity and served as the basis for all 
experiments of this chapter. Several preliminary experiments were done to validate the 
assay. These included measurement of protease activity as a function of pH, time 
course of protease activity and effect of diet on protease activity. Because the structure 
of the gut cells changes substantially in response to protein feeding and because large 
amounts of proteins are present in the midgut at different times after a protein meal, 
results in this chapter are presented simply as the amounts of colour released (i.e. 
change in absorbance) per unit time, with no correction for soluble protein in the 
midgut extract.
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3.2 Results
3.2.1 pH optimum of protease activity
Since the proteases of most dipterans are active at neutral-alkaline pH, a relatively 
narrow range of neutral-alkaline pH of MOPS buffer was tested to ensure that an 
optimal pH value was used in subsequent experiments to determine protease activity of 
L. cuprina midgut extracts. Enzyme activity was determined by preparing substrates in 
MOPS buffer at the following pH values: 6.6, 7.0, 7.4 and 7.8. The rate of 
spontaneous hydrolysis of substrate in the absence of protease preparation was 
assessed at each pH as a reagent blank and this value was subtracted from the 
proteolytic activity observed at that pH. The results of this assay are presented in 
Figure 3.1. Proteolytic activity increased was maximal at mildly alkaline values of pH.
pH 6.6 pH 7.0 pH 7.4 pH 7.8
Figure 3.1 Protease activity as function of pH. Protease activity is expressed in 
arbitrary units as the change in absorbance at 260 nm over an hour at 35°C.
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3.2.2 Time course of protease activity
To determine the relationship between enzyme activity and incubation time, midgut 
homogenates from sugar-fed and protein-fed flies were incubated individually in the 
presence of substrate for 3 hours and the proteolytic activity was measured at 30 minute 
intervals. In Figure 3.2 the time course of azocasein hydrolysis by an extract from both 
sugar- and protein-fed flies is depicted. The amount of substrate hydrolysed increased 
linearly for 180 minutes for the enzyme extract prepared from midgut tissue of protein- 
fed flies. For sugar-fed flies, enzyme activity appeared to be very low and was not 
significantly different from zero (Fig. 3.2). The fact that enzyme activity was linear 
with time over a 3 hour period extablished that the extract was stable for this length of 
time under the assay conditions used. Therefore, measuring the total hydrolysis 
product at the end of a 1 hour enzyme incubation as used in subsequent experiments is 
a reliable indicator of enzyme activity.
Time (mins)
0 Data from protein-fed flies 
•  Data from sugar-fed flies
Figure 3.2 protease activity as a function of time for sugar-fed and protein-fed flies. 
The line is the simple linear regression fitted to the data shown.
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3.2.3 Protease activity in different segments of the midgut
Since preliminary experiments using homogenates of whole midgut as an enzyme 
source demonstrated protease activity in protein-fed flies, an attempt was made to 
determine whether the protease activity was limited to a specific section of the midgut or 
was present throughout the whole of the midgut. Therefore, whole midguts from five 
flies were dissected and divided into four sections: anterior midgut (segment 1), 
segment 2, and two sections in the coiled part of the midgut (segments 3 &4). Figure 3 
shows the approximate location of each segment (Fig. 3.3a) as well as their 
corresponding protease activity (Fig. 3.3b). All detectable activity was present in 
abdominal midgut segments and appeared to be highest in the posterior (coiled) region.
a)
b)
Gut Segment
Figure 3.3 a) Approximate location of the four midgut segments assayed, b) protease 
activity in four segments of the midgut. Protease activity is expressed in arbitrary units as 
the change in absorbance at 260 nm over an hour.
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3.2.4 Induction of protease in response to protein feeding
Midgut samples were collected from flies at a number of time intervals (0,4, 8, 12, 16, 
20, 24, 30, 36, 42, and 48 hours) after being given ad libitum access to a protein meal. 
Midgut homogenates were prepared as previously described (Chapter 2, Section 
2.2.3). Protease activity for each time point was determined 60 minutes after 
incubation of homogenates with substrate for each of five midguts. The assay was run 
in duplicate. Figure 3.4 shows the results of this assay. Enzyme activity increased 
steadily and reached a maximum 24 hours after protein feeding, then decreased by 48 
hours to the same level as that found prior to feeding. The level of enzyme activity 
determined in midgut of sugar-fed flies remained constant during this time. It can be 
concluded that protein feeding stimulates the production of these enzymes in the 
midgut.
Hours after protein meal
Figure 3.4. Profile of protease activity at various times after protein feeding. Protease 
activity is expressed in arbitrary units as the change in absorbance at 260 nm over an 
hour. Bars indicate the standard errors of the mean activity measurements.
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3.2.5 Ovarian development and protein feeding
To determine the relationship between ovarian development and protein feeding under 
the conditions used for these experiments, ovaries were collected from the flies 
dissected at each point time for the experiment reported in section 3.2.4 and were 
assessed for their stage of ovarian development according to the criteria of Clift (1979). 
Table 3.1 presents the relationship between protein feeding at various times and the 
stages of ovarian development. Comparison of ovaries and egg maturation among 
protein-fed and sugar-fed flies at different time points showed that ovaries reached 
maximum development after 48 hours of protein feeding, whereas sugar-fed flies did 
not mature their eggs. These results demonstrate that protein feeding and consequently 
protease activity correlate with reproductive status in L. cuprina.
Table 3.1 Ovarian development in L. cuprina at various times after protein feeding. 
(Ovaries were staged according to Clift, 1979)
Time since Meal 
(hours)
stages of Oocyte 
developm ent
0 2/3
4 4
8 4
12 5
16 5
20 6
24 7
30 7
36 8
42 9
48 10
Sugar fed-24 hours* 2/3
Sugar fed-48 hours 2/3
*Ovaries are arrested indefinitely at stage 2/3 of Clift (1979) in flies fed only sugar and 
water. Stage 10 oocytes are fully developed, chorionated and ready for fertilization.
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3.3 D iscussion
Sulfanilamid-azocasein was employed as a non-specific synthetic substrate to measure 
proteolytic activity in the midgut of adult female Lucilia cuprina. Azocasein provides 
only a measure of total proteolytic activity in the midgut and cannot be used to identify 
individual enzyme types in crude midgut preparations.
The presence of proteolytic enzymes has been demonstrated in many insects, and most 
insect proteases have proved to be active at neutral or alkaline values of pH (Day and 
Waterhouse, 1953; Gilmour, 1961; Brookes, 1961; Srivastava and Auclair, 1963; 
Gooding and Hung, 1969; Law et al., 1977). The proteolytic activity in L. cuprina 
midgut extracts also showed a broad maximum in the neutral-alkaline range. Many of 
the proteinases active in this pH range have a uniquely reactive serine residue in their 
active center and it is possible that serine proteases will prove to be major enzymes for 
proteolytic digestion in the L. cuprina midgut. A correlation between serine 
endopeptidase activity and neutral-alkaline gut pH has been noted in larvae of some 
other dipterans including; the warble fly Hypoderma lineatum (Bourlord and Garrone 
1978; Lecrosiey et al., 1973; Lecrosiey et al., 1980), mosquito Aedes aegypti 
(Kunz,1978) and hessian fly Mayetiola destructor (Shukle et al., 1985) and also in a 
number of insects from a different range of species such as Lepidoptera and Coleoptera 
(Gilmour, 1961; House, 1965; Wigglesworth, 1972; Berenbaum, 1980; Dow, 1984, 
1986; Applebaum, 1985; Terra, 1988; Eisen et al., 1973; Bourlord and Garrone 1978; 
Lecrosiey et al., 1973; Lecrosiey et al., 1980; Kunz,1978; Shukle et al., 1985). The 
fact that azocasein is not soluble below pH 6.0 did not allow the assay of protease 
activity of Lucilia midgut over a wider range. To do this would have required 
development of a different type of assay, but this did not seem appropriate in the 
absence of more information on the types of proteases present.
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The time course assay (Fig 3.2) showed that there is a positive and linear relationship 
between substrate hydrolysis and time. This result is in agreement with similar 
findings in adult simuliids (Diptera), Simulium rugglesi and Prosimulium 
decematriculatum (Yang and Davis, 1968), larvae of Lepidoptera, the cabbage looper 
Trichoplusia ni (Davis et al., 1981), Egyptian cotton worm, Spodoptera littoralis 
(Ishaaya et al., 1970) and silk worm Bombyx mori ( Eguchiand and Iwamoto, 1976). 
The fact that protease activity in Lucilia was linear from 0 time (i.e. there is no lag 
period before the appearance of enzyme activity), and did not increase progressively 
with time, suggests that control of midgut proteases might not involve release and 
activation of pre-existing zymogens. In contrast, assay of trypsin-like activity of crude 
opaque-zone homogenate of the stable fly Stomoxys calcitrans within 60 minutes 
(Moffatt and Lehane, 1990) showed that enzyme activity progressively increases with 
time, suggesting the progressive activation of an inactive enzyme precursor.
The results of the enzyme assay on the different segments of the L. cuprina midgut are 
comparable with information obtained from several other insect species such as 
Stomoxys calcitrans (Lehane, 1976), Aedes aegypti (Wagner et al., 1961), adult 
simuliids (Yang and Davis, 1968), and Drosophila melanogaster (Davis et al., 1985), 
where the protease activity was found mainly in the posterior midgut when various 
tissues were tested. However, since in this experiment whole midgut homogenates 
were utilized as enzyme source, the spatial organisation of protein digestion could not 
be identified. The full description of the steps by which the ingested protein is 
hydrolysed in the different regions of the gut requires preparation of individual 
homogenates from different gut compartments including fluid from the endo- and 
ectoperitrophic spaces and midgut epithelial cells and preparations of peritrophic 
membrane and midgut cell membranes. Assay of protease acitivity in subcellular 
fractions prepared by differential centrifugation of each gut compartment could 
determine the type, origin and the activity of different proteases/digestive enzymes, 
thus, distinguishing the distribution and contribution of each protease type to total
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proteolytic activity. Using such an approach with Spodoptera frugiperda (Lepidoptera) 
larvae, it became apparent that amino peptidase is a marker for the microvillar 
membranes of midgut columnar cells (Santos et al., 1990) and amylase, 
carboxypeptidase, dipeptidase and trypsin as soluble enzymes display their most 
activity in endoperitrophic spaces (Ferreira et al., 1994).
Comparison between the protease activity of sugar-fed flies and protein-fed flies 
showed that protein feeding induced protease activity in the midgut of L. cuprina. The 
relationship between a protein feeding and induction of protease activity in L. cuprina is 
similar to that observed in the mosquito, Aedes aegypti where the de novo synthesis of 
trypsin after blood meal was demonstrated (Gooding, 1973; Shambaugh,1954). 
However, it differed from adults of black flies (Diptera) (Yang and Davies, 1968) and 
Stomoxys calcitrans where there was a significant level of protease activity even in the 
case of sugar-fed or non feeding insects (Lehane, 1977). This difference might be 
explained by storage of enzyme precursors in the midgut epithelium and their activation 
and release after protein feeding, rather than de novo protein synthesis.
Comparison of the protease cycle of L. cuprina with that of blood sucking insects 
showed that the time after a blood meal at which maximum protease activity occurred 
differs between species. For Aedes aegypti a peak of protease activity was reported 
after 20-30 hours (Fisk and Shambaugh, 1952; Gooding, 1966, 1975; Briegel and Lea, 
1975), in Culex fatigans after 36 hours (Gooding, 1966) and in Stomoxys calcitrans 
after 13 hours (Champlain and Fisk, 1956). This difference might be explained by 
different biosynthetic pathways of proteases (i.e. activation of stored zymogen vs de 
novo synthesis of protein), differences in meal size and in time required for digestion of 
the food. The latter could depend on differences in the experimental conditions, 
including factors such as temperature of rearing, type of diet and the time for 
completion of digestion of food (Shlenova, 1938).
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This study allowed the effects of a protein meal to be compared with protease activity 
and development of ovaries at the same time. The results suggest that protein 
consumed by adult females of L. cuprina plays a major role in supplying protein for 
ovarian development. Visual examination of the amount of food stored in the crop of 
protein-fed flies showed that the intake of protein varies according to the stage of 
ovarian development, from a high level at early stages of ovarian development to very 
low levels of intake at late stages. This finding, that sizes of protein meals taken by 
females of L. cuprina declined at some stages during vitellogenesis, is in general terms, 
in accord with the results of other studies with the flies Phormia regina, L. cuprina and 
Musca autumnalis, in which rate of ad libitum intake of protein (Roberts and Kitching, 
1974; Beizer, 1978), meal size (Rachman, 1980), or protein content of the crop (Van 
Geem and Broce, 1986) was examined in relation to the stage of ovarian development. 
However, the timing of the reduction in protein intake in relation to stage of ovarian 
development might differ between different species of anautogenous muscoid Diptera. 
Beizer (1978, 1979) concluded that the reduction in protein intake of females of 
P. regina approaching maturity was due to the contribution of the ovaries to abdominal 
distention and, therefore, the level of inhibitory input elicited from abdominal stretch 
receptors for any given volume of material in the crop. Similarly, in A.aegypti the 
influence of the ovaries on stretch receptor input via the abdominal nerves has been 
proposed to be responsible for the reduced intake of protein rich material as females 
approach maturity ( Briegel and Lea, 1979). However, ultimately it will be necessary 
to consider these results in relation to the hormonal and metabolic events that occur 
during ovarian development in insects. Additionally, there is no understanding of how 
protein digestion in the gut is integrated with the needs of the fat body for haemolymph 
amino acids required for vitellogenin production, nor is there any information 
concerning specific hormonal or neural feedback in relation to oocyte maturation in 
L. cuprina. The possible role of these factors in regulation of midgut protease activity 
requires further experiments which will be considered in the General Discussion 
(Chapter 7).
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Chapter 4
Identification of serine protease genes expressed in the
midgut
4.1 Introduction
There is abundant evidence that serine proteases (EC 3.4.21) play a major role in the 
digestion of dietary protein in insects (Chapman, 1985). Many of these enzymes have 
been partially characterized by biochemical purification and measurements of enzyme 
activity in crude midgut extracts in the presence of protease inhibitors. However, little 
is yet known about the genes encoding them or the expression of these genes in insects.
Recently, the application of molecular biology techniques, particularly reverse 
transcriptase-PCR, have made feasible the identification of insect serine protease genes. 
PCR is a robust in vitro method that can produce large amounts of DNA fragments of 
defined length and sequence in a simple automated reaction. In addition, it has been 
used in a variety of studies for the detection and amplification of specific mRNA 
molecules in cells by synthesising cDNA templates from mRNA transcripts with 
reverse transcriptase. This technique has become generally known as reverse- 
transcriptase PCR (RT-PCR). The capacity of PCR to specifically amplify a particular 
nucleic acid segment relies on the use of two primers whose sequence is 
complementary to nucleotide sequences flanking the target region. The sensitivity of 
PCR can be increased by using a pair of ‘nested’ PCR primers (Jackson et a l., 1991). 
Products amplified by PCR then can be characterized by DNA sequencing. This 
chapter presents the application of these methods for the identification and partial 
characterization of serine protease genes expressed in the midgut of adult female L . 
cuprina.
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4.2 Results
4.2.1 RT-PCR
In order to amplify and identify serine protease mRNAs expressed in the L. cuprina 
midgut, poly(A)+ RNA was isolated from midgut tissues of sugar-fed and protein-fed 
adult female flies. cDNA was synthesized from these mRNA templates using reverse 
transcriptase and two different types of primer. First-strand cDNA was synthesized 
from mRNA of both sugar-fed and protein-fed flies, using oligo(dT) as a primer. 
Double-stranded cDNA was prepared from mRNA of protein-fed flies by priming with 
both oligo(dT) and random hexamers. Amplification of cDNA was carried out in two 
sequential ‘nested’ PCR reactions. Figure 4.1 illustrates the principles of a ‘nested’ 
PCR. Primer Trypl (sense) and primer Tryp4 (antisense) were employed in 
amplifying the cDNA template as outer primers and primer Tryp2 (sense) and primer 
Tryp3 (antisense) were used as ‘nested’ primers to amplify the product of the first PCR 
(Section 2.2.5.2). Because of the sensitivity of PCR amplification, a variety of
controls were done to monitor potential contamination of reagents. These included; 
omission of primers from the reaction (control 1), omission of template (control 2), and 
omission of both primers and template (control 3). In addition, as a control for the 
success of the RT-PCR, genomic DNA was used as a template for amplification. The 
products of first and second rounds of PCR were analysed directly on a 2% agarose gel 
(Figure 4.2).
As expected for the three controls, no PCR products were observed in the reaction 
(Fig. 4.2, lanes C l, 2, and 3). This verified that sample cross-contamination did not 
contribute to the PCR products. Gel electrophoresis of RT-PCR reactions after 37 
cycles of amplification of first-strand cDNA showed no visible product (lanes a of
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a) Location of primer sequences
Trypl Tryp2
■ *
4-----  4-----
Tryp3 Tryp4
b) First PCR reaction using primer pair Trypl and Tryp4
Trypl ^
4-----
Tryp4
Taking an aliquot (1/50 o f reaction 1) as 
tempate for PCR reaction 2
V
c) Second PCR reaction using primer pair Tryp2 and Tryp3
Tryp2___>
4-----
Tryp3
v
d) Analysis of PCR products by gel electrophoresis
Tryp2^
4  Tryp3
Figure 4.1 Diagramatic illustration of the steps involved in the ‘nested’ PCR.
Primers are shown a s ---- ► and 4---- , respectively. Top-line (a) shows the location
of leftward- and rightward outer and internal primer pairs on original template (i.e. 
double-stranded cDNA). Outer primers (Trypl & Tryp4) were used in the first round 
of PCR (b). The products of the first PCR reaction were amplified by a second PCR, 
using internal primers (Tryp2 & Tryp3) (c). Finally the products were analysed by gel 
electrophoresis (d).
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S & P), while a band of approximately 450 bp was detected for double-stranded 
cDNA template (lanes a of N6 & dT). PCR products generated by a further 37 cycles 
of ‘nested’ amplification identified a band approximately 450 bp in length (lanes b of 
S, P, N6 & dT), which is the size expected from the internal primers. PCR products 
from amplification of genomic DNA are the same size as those obtained for cDNA 
templates, as expected for serine protease genes, which are not known to contain 
introns. These results suggested that the RT-PCR had been successful.
Figure 4.2 Reverse transcriptase-PCR amplification of serine protease sequences 
from midgut mRNA.
M: DNA size markers (100 bp ladder), a: PCR with outer primer (Trypl & Tryp2), b: 
PCR with nested primer pair (Tryp2 & Tryp3), S: 1st strand cDNA from mRNA of 
sugar-fed flies, P: 1st strand cDNA from mRNA of protein-fed flies, N6: double- 
stranded cDNA random-primed from mRNA of protein-fed flies, dT: double-stranded 
cDNA primed with oligo dT from mRNA of protein-fed flies, C: PCR controls 
described in the text, G: PCR from genomic DNA.
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4.2.2 Identification of serine protease cDNA fragments
To further characterize the products of the nested PCR reactions, the amplicons were 
purified by agarose gel electrophoresis and cloned into a T-tailed plasmid vector 
(pBluescript SK-). To determine if different cDNAs were amplified according to the 
source of mRNA or method of cDNA synthesis, products of PCR reactions that used 
either first-strand cDNA from sugar-fed and protein-fed flies, or random-primed 
double-stranded cDNA from protein-fed flies as templates were isolated and cloned. 
Twelve clones were selected for partial DNA sequence analysis. Of these, two were 
derived from first-strand cDNA prepared from midgut mRNA of sugar-fed flies (sp2 
and spl2), four derived from first-strand cDNA of protein-fed flies (sp3, sp4, sp6, 
sp8) and six originated from double-strand cDNA from protein-fed flies (spl, sp5, 
sp7, sp9, splO, sp 11). Double stranded plasmid DNA from each clone was prepared 
and sequenced with universal reverse and forward dye-primers, using automated cycle 
sequencing. Sequence information obtained from the sense and antisense orientations 
of each clone were combined, to give a partial cDNA sequence 450 bp in length, which 
encodes a continous open reading frame of 150 amino acids. The partial cDNA 
sequence and open reading for each each clone of the 12 clones is given in Appendix 2.
4.2.2.1 Comparison of partially identified serine protease genes
The twelve partially identified genes were first compared with a multiple sequence 
alignment algorithm that uses progressive alignments to generate a dendrogram 
showing relationships between sequences (Fig. 4.3). This analysis suggested the 
presence of two distinct classes of genes, one represented by clones spl-sp2 and 
another by clones sp3-spl2. The dendrogram indicated that the second group of 
sequences could be further divided into at least four sub-families. Sequence alignment 
of clones sp 1 and sp2 showed that, although these clones represent two distinct genes
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sp l
---------------------------  sp2
— sp3
— sp4
________________ *— sp5
----------- — sp6
-----------------------------  sp7
sp8 
*— sp9
— splO
----  s p l l
----  sp l2
Figure 4.3 Dendrogram showing the relationship of partially identified serine 
protease genes of L. cuprina midgut.
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(Fig. 4.4), they are closely related to each other. To analyse the second class of genes, 
each subfamily was studied separately. Multiple sequence alignment of clones sp3-sp6 
revealed substantial homology that extended uniformly along the full length of the 
sequences (Fig.4.5). Greatest identity (97%/446 bp) was between sp3 and sp4 which 
differed only by nine nucleotides. Overall nuclotide mismatches among the four clones 
was 24, of which, eight mismatches corresponded to regions covered by the PCR 
primers (Tryp 2 and Tryp 3). Since the primers were degenerate (Section 2.5.3), it is 
likely that the differences in these regions result from amplifications involving primer 
variants. Given this high level of similarity and the large number of PCR cycles used 
to generate the amplicons, it is likely that these four clones represent allelic variants of 
the same gene. The sp7 clone appears to represent a second gene of this family, since 
the alignment of this gene with the others did not show such extensive sequence 
identity. However it is more closely related to the sp3-sp6 family than to any of the 
other sequences (Fig. 4.3). The remaining five clones were grouped into two sub­
families (sp8-spl0 and sp ll-sp l2 ) and appeared to represent two additional genes, 
since the sequences were all different from the genes represented by clones spl-sp2, 
sp3-sp6 and sp7. Multiple sequence alignment of sp8-spl0 is presented in Figure 4.6. 
The three clones, were highly similar to each other, differing only by ten nucleotides in 
the region outside the primers. Of these, sp8 and sp9 were almost identical, as they 
differed only by four nucleotides. It is likely that sp8-spl0 represent different isolates 
of the same cDNA as is suggested for clones sp3-sp6. Pairwise comparison of s p ll  
and spl2 showed that these two clones are closely related to each other and share 95% 
similarity over 450 bp (Fig. 4.7). Although the next most similar sequences to s p ll-  
spl2 were sp8-spl0 clones, spl 1 and spl2 represent a separate gene.
In summary, the twelve clones recovered in this study appear to represent at least six 
different genes. One group was identified by four clones (sp3-sp6), one was 
represented twice (spl 1 and sp l2), one was represented three times (sp8-spl0) and the 
others were each identified by a single clone (spl, sp2 and sp7).
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s p l
s p 2
s p l
s p 2
s p l
s p 2
s p l
s p 2
s p l
s p 2
s p l
s p 2
s p l
s p 2
s p l
s p 2
s p l
s p 2
s p l
s p 2
1 . ATGGTGACGGCGGCGCACTGCATTAGCAACCCCGTGGTACTGGGTGTTG
l l l l l l l l l l l l l  I I I  I I  I U I  I I  I I  I N I  I I I  M i l l
1 GATGGTGACGGCGGGGCATTGTATTAAGAATCCTGTGGGTATGGCTGTTG 
5 0 TAGC TGGTC TTCAC AAGC GC AC C AATTAC GAT GC C AAGAC T CAATC C C GT
I M M N  I I I I  I M i l l  I I I  M M  M i l l  I I I  I I I I
5 1  TTGCTGGTTTACAC GAACGCACAAATCTTGATGAGAAGACACAAACTCGT
1 0 0  GTTGTGGACTATGGCAAGGTACATGAAAACTACAGTGGTGGTGTGGGACC
M i l  I I  I I I  I I I  I M I N I M  M M  I 1 1 1 1 1 1  I I I
1 0 1  ATTGTCGATTGGGGAAAGATTCATGAAAAATACAATAATGGTGTTTGTCC
1 5 0  TTACGATATTGCCATTTTGCATGTTTCACAACCTTTCGAATTCAATGACT
1 1 1 1 1 1 1 1 1  M  1 1 1 1 1 1 1 1 1  I N I  I N I  I I  I N I  I N I  I I
1 5 1  C TAC GATATTGCTATTTTGC ATC TTTC TGAAC C CTTAGAATACAATC AAT
2 0 0  GGGTACAACCTGCTGTTTTACCAGCTCCCGAAGAAATCCATGAAGGTGAA
I I I I I I I I I I I  I I I  I I  I I  I I I I  N I M M  M i l l
2 0 1  ACGTACAACCTGCTTCCTTGCCTGCCTCGGAAaAAATCCACTCTGGTGAG 
2 5 0  ACTCATTTGTATGGTTGGGGTCAACCTAAATCTTATGTTTTAACTGCTGC
I M i l l i  1 1 1 1 1 1 I I 1 1 1  I I  M i l l i  I N I  I 1 1 1 1 1 1 1  I
2 5 1  ATTCATTTATATGGTTGGGGACAGC C TAAAGC TTACATATTAAC TGGATC
3 0 0  CAGTACTTTGCAAACTGTCACCACCCAAATTGTAGAATTCAACAAATGTA
I I  I N I  1 1 1 1 1 I I  I I  I N I  I I M M  I M M
3 0 1  CAAGCTTTTGAAAACTGTTGAAACTCAAAATCTTGAATATGATGTCTGTA
3 5 0  AGGCTACTTTGTCCGCTGATGCTCCTATCCATGAAACCAACTTATGTTCG
I 1 1 1 1 1 1 1 1  I I M I N I M  I I  1 1 I I 1 1 1  I I I  I I I  I I I
3 5 1  AAGCTACTTTACCTGAGGATGCTCCCATTCATGAAAGCAATATTTGCTCG
4 0 0  GACTCTTTGCAAAAAAGCATCTCTGCCTGTCAAGGCGACACCGGCGGCCC
M M M I I  I I I  I I  I I  M I M  I I  1 1 1 1 1 1 1 1  M M  M i l l
4 0 1  GAC TC TT TAAAAAC TAGTATTTC TGC ATGC CAAGGC GATTC C GGAGGC C C
4 5 0  AATC 4 5 3
M M
4 5 1  AATC 4 5 4
Figure 4.4 Sequence alignment of spl and sp2, using the ‘Gap’ program, 
identity: 73%.
49
50
99
100
1 4 9
1 5 0
1 9 9
200
2 4 9
2 5 0
2 9 9
3 0 0
3 4 9
3 5 0
3 9 9
4 0 0
4 4 9
4 5 0
Percent
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1 50
sp 3 GTGATGACGG CGGCGCACTG CTTGCAATCC GTTTCTGCTT CTGTCTTGAA
s p 4 GTGGTGACTG CGGCGCACTG CTTGCAATCC GTTTCTGCTT CTGTCTTGAA
s p 5 ATGGTGACGG CGGCGCATTG CTTGCAATCC GTTTCTGCTT CTGTCTTGAA
s p 6 ATGGTGACGG CCGCGCACTG CTTGCAATCC GTTTCTGTAT CAGTCTTGAA
* ★  ★ ★  ★ ★  ★
51 100
sp 3 GGTACGTGCT GGTTCCACCT ACTGGAACAA TGGTGGTGTT TTGGTTGATG
sp 4 GGTACGTGCT GGTTCCACCT ACTGGAACAG TGGTGGTGTT TTGGTTGGTG
s p 5 GGTACGTGCT GGTTCCACCT ACTGGAACAG TGGTGGTGTT TTGGTTGGTG
s p 6 GGTACGTGCT GGTTCAACCT ACTGGAACAG TGGTGGTGCT CTGGATGATG
★ ★ ★ ★  ★  ★
10 1 150
sp 3 TTGCTGCTTT CAAGAATCAT GAAGGTTACA ACTCTCGCAC CATGGTCAAT
s p 4 TTGCTGCTTT TAAGAATCAT GAAGGTTACA ACTCTCGCAC CATGGTCAAT
sp 5 TTGCTGCTTT TAAGAATCAT GAAGGTTACA ACTCTCGCAC CATGGTCAAT
s p 6 TTGCTGCTTT CAAGAATCAT GAAGGTTACA ACTCTCGCAC CATGGTCAAT
1 5 1 20 0
sp 3 GATATAGCGG TCATCAAACT GGCCTCTTCC TTGACTACCA GTTCAAACAT
sp 4 GATATAGCGG TCATCAAACT GGCCTCTTCC TTGACTACCA GTTCAAACAT
s p 5 GATATAGCGG TCATCAAACT GGCCTCTTCC TTGACTACCA GTTCAAACAT
sp 6 GATATAGCGG TCATCAAACT GGCCTCTTCC TTGACTACCA GTTCAAACAT
2 0 1 2 5 0
sp 3 TAAGACCATT GCTTTGGCTT CCGTAGCTCC TGCTAATGGC GCTGCTGCTG
s p 4 TAAGACCATT GCTTTGGCTT CCGTAGCTCC TGCTAATGGC GCTGCTGCTG
sp 5 TAAGACCATT GCTTTGGCTT CCGTAGCTCC TGCTAATGGC GGTGCTGCTG
sp 6 TAAGACCATT GCTTTGGCTT CCGTAGCTCC TGCTAATGGC GCTGCTGCTG
2 5 1 3 0 0
sp 3 TAGTTTCTGG TTGGGGTACT ACTTCCTATG GTGGTTCTTC TCTACCCACC
sp 4 TAGTTTCTGG TTGGGGTACT ACTTCCTATG GTGGTTCTTC TCTACCCACC
sp 5 TAGTTTCTGG TTGGGGTACT ACTTCCTATG GTGGTTCTTC TCTACCCACC
s p 6 TAGTTTCTGG TTGGGGTACT ACTTCCTATG GTGGTTCTTC TCTACCCACC
3 0 1 35 0
sp 3 CAATTGAGAG CCGTTGATGT TACCATTGTC AGCACCAGTT CCTGTGCCTC
sp 4 CAATTGAGAG CAGTTGATGT TACCATTGTC AGCACCAGTT CCTGTGCCTC
s p 5 CAATTAAGAG CCGTTGATGT AACCATTGTC AGCACCAGTT CCTGCGCCTC
sp 6 CAATTGAGAG CCGTTGATGT TACCATCGTC AGCACCAGTT CCTGTGCCTC
sp 3
sp 4
sp 5
sp 6
3 5 1
TTCTGCCTAT
TTCTGCCTAT
TTCTGCCTAT
TTCTGCCTAT
GGTTATGGTT
GGTTATGGTT
GGTTATGGTT
GGTTATGGTT
CGGAAATTAA 
C GGAAATTAA 
CGGAAATTAA 
CGGAAATTAA
GTCGAGCATG
GTCGAGCATG
GTCGAGCATG
GTCGAGCATG
4 0 0
ATTTGTGCCT
ATTTGTGCCT
ATTTGTGCCT
ATTTGTGCCT
4 0 1  4 4 6  
sp 3  ACACTGTGGG CAAAGATGCT TGCCAAGGCG ACACCGGCGG CCCATC 
sp 4  ACACTGTGGG CAAAGATGCT TGCCAGGGCG ACTCCGGCGG CCCAAT 
s p 5  ACACTGTGGG CAAAGATGCT TGTCAAGGCG ACACCGGCGG CCCAAT 
s p 6  ACACTGTGGG CAAAGATGCT TGCCAAGGCG ACTCCGGCGG CCCAAT
★  ★  ★  ★
Figure 4.5 Multiple sequence alignment of sp3-sp6, using the ‘pileup’ program. 
Asterisks denote mismatched nucleotides. Underlined sequences indicate primer regions.
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1 5 0
s p 8 G ATTATGGTG ACGGCGGCGC A TTG CA TGC A G TC T TA T A C T GCCTCCCAAT
s p 9 G ATTATGGTG ACCGCGGCGC A TTG CA TGC A G TCTTA TA C C G CCTCCCAAT
s p l O G ATTATGGTG ACGGCGGCGC
★
A TTG CA TGC A G TC T TA T A C T
★
GCCTCCCAAT
5 1 1 0 0
s p 8 TTAAGGTACG TTTG GG TACT ACTGAATACA ATACTGGCGG TGAGGTGGTA
s p 9 TTAAGGTACG TTTG GG TACT ACTGAATACA ATACTGGCGG TGAGGTGGTA
s p l O TTAAGGTACG TTTG G G TA C T ACTGAATACA A TA CTGGCTG
★
TGAGGTGGTA
1 0 1 1 5 0
s p 8 GCTGTTAAGG CCTTC A A A TT CCATGAGGGT TA TA A TTCC A AAACAATGGT
s p 9 GCTGTTAAGG C CTTCAA ATT CCATGAGGGT TACA ATTCCA AAACAATGGT
s p l O G CTTTTA AG G
★
CCTTC A A A TT CCATGAGGGT TA TA A TTCC A
★
AAACAATGGT
1 5 1 2 0 0
s p 8 GAATGATGTT G C TG TTA TTA A ATTGGCTAC GCAGTGGCGT GAATCTTCAA
s p 9 GAATGATGTT G C TG TTA TTA A ATTGGCTAC GCAGTGGCGT GAATCTTCGA
s p l O GAATGATGTT G C TG TTA TTA A ATTGGCTAC GCAGTGTCGT GAATCTTCGA
★
2 0 1 2 5 0
s p 8 AAA TCCGTTA TATTAA ATTG GCTCAAAAGA CACCTCCCAC TGGTACTCCC
s p 9 AAA TCCGTTA TATTAA ATTG GCTCAAAAGA CACCTCCCAC TGG TACTCCC
s p l O A AATCCGCTA
★
TATTAA ATTG GCTCAAAAGA C TC C TCC C A C
*
TGG TACTCCC
2 5 1 3 0 0
s p 8 G CTG TG GTTA CAGGCTGGGG CACTAAGTGT T A T T TG A C T T G TG TTA G C TT
s p 9 G CTG TG GTTA CAGGCTGGGG CACTAAGTGT T A T T TG A C T T G TG TTA G C TT
s p l O C C TG TG G TTA
★
CAGGCTGGGG CACTAA GTG T T A T T T C A C T T G TG TTA G C TT
3 0 1 3 5 0
s p 8 GCCCAAGACT TTGCAAGAAG TTCAGGTGGA TA TTG C TG A T GAGAAGGCTT
s p 9 GCCCAAGACT TTGCAAGAAG TTCAGGTGGA TA T T G T T G A T GAGAAGGCTT
s p l O GCCCAAGACT TTGCAAGAAG TTCA GG TGG A TA TT G T T G A T
★
GAGAAGGCTT
3 5 1 4 0 0
s p 8 G TGCCTCCAA TGAGTACAAA TATGGCAGCC AGATCAAGGA AACCATGGTT
s p 9 G TGCCTCCAA TGAGTACAAA TATGGCAGCC AGATCAAGGA AACCATGGTT
s p l O G TGCCTCCAA TGAGTACAAA TATGGCAGCC AGATCAAGGA AACCATGGTT
4 0 1 4 5 0
s p 8 T G TG C TTA TG CTGTCAATAA GGATGCTTGC CAGGGCGATT CCGGTGGACC
s p 9 T G TG C TTA TG CTGTCAATAA G GA TG C TTG T CAAGGCGACT CCGGCGGACC
s p l O T G TG C TTA TG CTGTCAATAA G GA TG C TTG T CAAGGCGACA CCGGCGGCCC
* * * * *
4 5 1
s p 8 AATC
s p 9 A TCC
s p l O AATC
★  A r
Figure 4.6 Multiple sequence alignment of sp8, sp9, and splO, using the ‘pileup’ 
program. Asterisks denote mismatched nucleotides.
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spl  1 1
sp l2 1
s p l l 51
spl2 51
s p l l 101
sp l2 101
s p l l 151
sp l2 151
s p l l 201
sp l2 201
s p l l 251
sp l2 251
s p l l 301
sp l2 301
s p l l 351
sp l2 351
s p l l 401
sp l2 401
CCGCGGTGACGCGCGCACTGTATGCAAAAATACAAAGCCAATGAATTTAA
GTGGTGACTGCGGCGCACTGTATGCAAAAATACAAAGCCAATGAATTTAA
AGTACGTTTGGGTTCTACGGAATACGATAAAGGTGGTGAATTGGTGGCTG
AGTACGTTTGGGTTCTACTGAATACAATAAAGGTGGTGAATTGGTGGCTG
TGAAGGCTTTCCGCAATCATGAAGGTTATAATCCCAAACCCAAGGAATAT
TGAAGGCTTTCCGCAATCATGAAGGTTATAATCCCAAAACCAAGGAATAT
GATGTTTC C GTTAT TAAAC TAGC C AC TC C GGTAC GT GAATC C T C TAAAAT
GATGTTTCCGTTATTAAACTAGCCACTCCGGTACGTGAATCCTCTAAAAT
ACGTTATGTAAAATTGGCTAGCAAGGCACCCGCTACCGGTACTACAGCTG
ACGTTATGTAAAATTGGCTAGCAAGGCCCCGGCTACCGGTACTACAGCTG
TTGTTACCGGTTGGGGTTCTAAATGTTTCCTATTGTGCGTTACTGCTCCC
TTGTTAC CGGTTGGGGTTC TAAATGTTTC CTATTGTGC GTTACTGCTCCC 
AAGATATTACAGGAAGTAGAAGTTGATATTGTGGATGAGAAAGCCTGCGC
AGGATTTTACAGGAAGTAGAAGTTGATATTGTGGATGAGAAAGCCTGCGC
TTCGAAACAATATAAATATGGTGAACAAATCAAAAAAACTATGTTATGTG
TTCGAAACAATATAAATATGGTGATCAAATCAAGAAAACTATGTTATGTG
CTTATGCCTTAAAAAAAGAAGCTTGCCAAGGCGACAGCGGCGGCCCAATC
CTTATGCCTTAAAGAAAGACGCTTGCCAAGGCGACACCGGCGGCCCAATC
50
50
100
100
150
150
200
200
250
250
300
300
350
350
400
400
450
450
Figure 4.7 Sequence alignment of sp ll and spl2, using the ‘Gap’ program. Percent 
identity: 95%.
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These six genes can be divided into two essentially distinct families represented by 
clones spl-sp2 and sp3-spl2. The sp3-spl2 family itself is comprised of four genes 
represented by clones sp3-sp6, sp7, sp8-spl0, and sp ll-sp l2 .
4.3 Discussion
Serine protease gene fragments were amplified from a variety of midgut cDNA sources 
by RT-PCR using a nested strategy with degenerate primers based on conserved 
regions of insect serine protease protein sequences. This allowed a partial 
characterization of serine protease genes that are expressed in the midgut of L  cuprina.
The nested PCR products consisted of a band approximately 450 bp in length. 
Analysis of twelve independent clones derived from these products by double-stranded 
DNA sequencing showed that several different serine protease genes had been 
amplified. However an accurate estimate of the number of the genes detected in this 
study cannot be made, since it is not clear if the highly homologous clones with very 
few mismatches represent allelic variants of the same genes or different, closely related 
genes. As polymorphism is a common feature of higher eukaryote genomes, it is likely 
that these clones have been derived from different alleles of the same gene. However, 
the possibility that some of these differences might result from Taq polymerase errors 
during the 74 cycles required for the nested PCR procedure cannot be ruled out. In 
addition, the presence of nucleotide substitutions at the end of the clones, in the region 
corresponding to the primers, does not represent true genetic variation, since they 
almost certainly have resulted from primer degeneracy. Although the number of genes 
could not be accurately estimated from this study, the diversity and abundance of the 
expression of this family of gene in the midgut of L. cuprina has become apparent.
The peptide translations of six clones representing different genes (spl, sp2, sp3, sp7, 
sp8 and sp l2) were submitted to a database search through the Blast network server.
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Comparison of the selected deduced amino acid sequences with protein sequences 
recorded in the GenPept, PIR, Swiss-Prot and PDB databases showed significant 
matches with various serine proteases. Not surprisingly, the highest similarities were 
found with other invertebrate sequences including: Lucilia cuprina serine proteases 
(Elvin et al., 1994; Casu et al., 1994) Drosophila melanogaster trypsin genes (Davis et 
al., 1985; Wang et al., unpublished, 1994), Haematobia irritans serine protease (Elvin 
et al., 1993 and unpublished data, 1994) and Hypoderma lineatum serine protease A 
and B (Tong et al., 1981; Lecroisey et al., 1983 respectively). For further analysis, the 
twenty most closely related sequences were retrieved from the database and compared 
to the PCR clones by multiple sequence alignment (Fig. 4.8). The dendrogram shown 
in Figure 4.8 indicated that the peptide sequences could be initially divided into two 
distinct groups, (i) The first group included spl and sp2 which showed greatest 
similarity to two partial serine protease sequences of L. cuprina larvae (lc7686 and 
lc7689). The lc7686 and lc7689 sequences have been found to be most closely related 
to vertebrate clotting factor based on their optimum FASTA scores (Elvin et al., 1994), 
however the full characterization of these genes has not been reported. An unpublished 
serine protease of H. irritans (hispl), was the next most closely related sequence to 
spl and sp2. It is interesting that, although the two Lucilia sequences and hispl were 
the most similar seqeunces in the database, spl and sp2 clearly represented two 
different genes, (ii) The second group was further divided into two major families. 
One family included sp8 and sp l2 with the best match to D. melanogaster trypsin theta 
and the least similarity to other peptide sequences. The other family consisted of sp3 
and sp7 which were most closely related to a number of trypsin-like serine proteases of 
L. cuprina larvae, lca4, lca3 lc7693 and lc7684. Apart from these Lucilia sequences, 
sp3 and sp7 were most similar to the Drosophila trypsin alpha, beta and delta genes, 
Hematobia serine protease (hisp2), trypsin epsilon of Drosophila and trypsin-like 
proteases of H. lineatum (hla and hlb), respectively.
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sp8pep
sp l2 p ep
dm th eta
— hla
— hlb
— dm alpha
— dm delta
— dm beta
— Ica4
L lc7693
— Ic7684
— sp7pep
— sp3pep
— hisp2
— hisp3
— dm epsilon  
r- lc7686
-  Ic7689
— sp lp ep
— sp2pep
— h isp l
Figure 4.8 Dendrogram showing comparison of deduced amino acid sequences of 
splpep, sp2pep, sp3pep, sp7pep, sp8pep, and spl2pep with selected amino acid sequences 
of database: dmalpha (D. melanogaster trypsin alpha) (Davis et al., 1985) dmtheta, 
dmdelta, dmbeta, dmepsilon (D. melanogaster trypsin-theta, -delta, -beta and -epsilon, 
accession number: 04853) (Wang et al., unpublished, 1994), hlb (H. lineatum 
hypodermine B) (Lecroisey et al., 1983), hla (H. lineatum hypodermine A) (Tong et al., 
1981), lca4 and lca3 (L. cuprina trypsin-alpha4 and -alpha3) (Casu et al., 1994), lc7693, 
lc7684, lc7686 and lc7689 (L. cuprina serine protease) (Elvin et al., 1994), hispl and 
hisp3 (H. irritans serine protease) (Elvin et al., 1993), hisp2 (H. irritans serine protease, 
accession number: 09801) (Elvin, unpublished, 1994).
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Thus, the database analysis of a representative set of clones recovered in this study 
supported the idea that two fundamentally distinct gene families had been identified. 
One of these, represented by two different genes (sp 1 and sp2), had very little 
similarity to any specific sub-type of serine protease and the fact that spl and sp2 occur 
in a gene class distinct from the other proteases recovered, may be indicative of a novel 
family of serine proteases in Lucilia. All other clones were part of a more closely 
related serine protease gene family with the most similarity to a set of trypsin-like serine 
proteases of Lucilia larvae and Drosophila. One member of Lucilia larval trypsin-like 
genes, lca4, has been recently fully sequenced and identified to be in a cluster of four 
closely related genes together with lca3 (Casu et al., 1994). Trypsin-like serine 
proteases of Drosophila also occur as a cluster of genes. This gene cluster was first 
reported by Davis et al. (1985) as a tandem triplication with two closely related genes 
arrayed head-to-tail, with the third, less closely related gene in reverse orientation. 
Preliminary in situ hybridization studies showed these genes were expressed in the 
larval midgut. Although no further studies of this gene cluster have been published, the 
database search revealed that these three Drosophila genes occur as part of a cluster of 
eight serine proteases contained within 11 kb of contiguous DNA sequence. 
Interestingly, although the majority of the sequences identified from midgut cDNA in 
this study showed greatest similarity to other unpublished L. cuprina sequences, and 
then to members of the D. melanogaster cluster, two clones (sp8 and sp l2) were 
actually more similar to D. melanogaster trypsin-theta than to any other L. cuprina 
sequence. Since tandemly arrayed clusters of serine protease genes are known in 
mosquito (Muller et al., 1993a) as well as D. melanogaster, it is reasonable to suppose 
that some, if not all of the trypsin-like genes identified in this study will also be part of 
a tandemly repeated array. The finding that sp8 and sp l2 are more closely related to a 
D. melanogaster gene than to other L. cuprina sequences may reflect the evolutionary 
age of the cluster, but it might also indicate a functional divergence amongst members 
of the gene cluster that is conserved between D. melanogaster and L. cuprina.
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The existence of multiple trypsin-like genes is apparently widespread, since Graf and 
Briegel (1985) identified at least twenty different trypsin isozymes in A. aegypti and a 
minimum of ten different trypsin-like genes has been proposed in both the rat (Craik 
et al., 1984) and human (Emi et al., 1986) genomes.
An alignment of the peptide sequence of partially characterized genes with the most 
closely related sequences from the database (Fig. 4.9), shows that amino acid 
sequences known to be essential for enzyme structure and function in serine proteases 
(Kraut, 1977) are conserved in L. cuprina. Thus, residues forming the charge relay 
system (catalytic triad) of the active site in serine proteases, His-57, Asp-102, and 
Ser-195 (numbering refers to the bovine Chymotrypsin as reference) are found in the 
corresponding regions (7, 57, and 162) of the deduced peptide sequences, and the 
sequences around these residues are also well conserved. The effect on catalysis of an 
aromatic side chain adjacent to the His-57 and Asp-102 residues at the active site is not 
known, but presumably enables hydrophobic interaction with the native substrate(s) of 
such enzymes. The conserved motif [(S/T) GWG] at position 99-102 which is another 
characteristic signature of serine proteases (Greer, 1990), is present in all sequences 
(position 139-142, bovine Chymotrypsin numbering) except for the replacement of ‘Y’ 
instead of S/T in spl and sp2. The relative positions of Cys residues found in the 
serine protease sequences present at positions 8, 132, 149 and 158 of the deduced 
partial protein sequences align with the consensus locations expected for serine 
proteases (58, 168, 182, and 191 of bovine Chymotrypsin). Only four of the six Cys 
residues are found in these sequences, since the remaining two fall outside the region 
amplified. These Cys residues are located at highly conserved positions, and are 
probably incorporated in intramolecular disulfide bridges (Section 1.4.2.3). As 
discussed in Chapter 1 (Section 1.4.2.2), another key feature of serine proteases are the 
amino acid residues Ser-189, Gly-216, and Gly-226 (of bovine cc-chymotrypsin) that 
form part of the substrate binding site (Kraut, 1977). Due to the restricted length of the
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putative serine protease sequences available from this study, only residue-189 
(corresponding to position 156 in Fig.4.9) was present. Apart from spl and sp2, this 
residue in the other sequences is an Asp. The presence of Asp at this position is a 
characteristic of trypsin-like enzymes, which cleave polypeptide chains adjacent to 
positively-charged residues (Arg or Lys). Therefore, it is likely that these sequences 
are members of a trypsin-like enzyme family, consistent with the findings of the 
database search. In spl and sp2, a Ser occured in this position, which suggests a 
chymotryptic substrate specificity for these two sequences.
In summary, sequence analysis identified two distinct families of serine proteases 
expressed in the midgut of adult female L. cuprina that were different from any of the 
other L. cuprina serine proteases in the database. Of these two families, one was 
represented by four different genes that appeared to encode trypsin-like enzymes and 
the other seemed to be most closely related to uncharacterized serine proteases of 
L. cuprina larvae and H. irritans. In order to obtain further information about these 
genes it is necessary to isolate the full length of the genes and characterize them fully, 
then to analyse where and when these genes are expressed. Further characterization of 
a representative of each of the two major gene families identified by the RT-PCR 
analysis formed the basis of the next two chapters.
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Chapter 5
Characterization of lcsp5, a trypsin-like gene
5.1 Introduction
As discussed in the General Introduction (Chapter 1, Section 1.3.2.3) serine proteases 
in most insect species are a large and highly variable gene family. The work described 
by Elvin et al., (1994) provided the first evidence of a large serine protease gene family 
in Lucilia, when they showed that between 125 and 220 different serine protease genes 
are expressed in first instar larvae of Lcuprina. Evidence suggesting the expression of 
multiple serine protease genes in the adult L. cuprina gut was presented in the previous 
chapter. This RT-PCR study provided several different DNA probes that could be used 
for gene cloning studies. The aim of the work described in this chapter was therefore, 
firstly to screen a genomic library, using one of the abundantly expressed serine 
protease genes, sp5 as a probe, then to isolate, sequence and characterize one or more 
clones in order to gain some indication of gene organization and its relationship to 
specific serine proteases. The expression of this gene was examined by northern blot 
analysis and in situ hybridization, using the same PCR amplicon as a probe.
5.2 Results
5.2.1 Genomic DNA library screening
A genomic DNA library prepared from the LS-2 strain of L. cuprina was screened. 
This library had an average insert size of approximately 16 kb and was constructed by 
cloning size fractionated DNA prepared by partial digestion the with enzyme Sau 3AI
into the Bam HI site of the replacement vector XGEM-11. In an attempt to isolate the
sp5 gene from the L. cuprina genomic library, three rounds of screening were carried
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out. In the first round approximately 1.5 x 105 recombinant phages from the library 
were plated onto five 14 cm plates to give densities of about 3 x 104 plaques per plate. 
Duplicate nitrocellulose filters were prepared from each plate and probed with the 450 
bp sp5 fragment. Filters were hybridized and washed at 63°C. A large number of 
hybridizing plaques were identified from the duplicate filters. Nine of these were 
chosen for rescreening, of which three re-screened positively. One positive was plaque
purified for further analysis. This clone was designated ^sp5.
5.2.2 Restriction enzyme analysis of the >.sp5 clone
Phage DNA was prepared from the Xsp5 genomic clone, digested with several different
restriction endonucleases, electrophoresed on a 0.8% agarose gel and Southern blotted 
onto positively charged nylon membrane. The membranes were hybridized at 63°C 
with the 450 bp sp5 fragment. The probe hybridized strongly to two Clal fragments 
4.6 kb and 2.6 kb in length (data not shown). Phage DNA was digested with Clal and 
shotgun ligated into the vector, pBluescript(SK-) that had been digested with Clal. The 
ligation reaction was transformed into JPA101 competent cells and spread on selective 
media containing Amp/X-Gal/IPTG yielding twelve white colonies. Plasmid DNA 
from these twelve subclones was analysed by Clal restriction endonuclease digestion 
followed by Southern blotting, and revealed that one subclone, with a 2.6 kb insert had 
the strongest hybridization signal when probed with the sp5 fragment. This clone, 
designated psp5, was selected for further analysis and sequence determination.
5.2.3 Sequence analysis
To further map restriction sites within the 2.6 kb region and also to find the probable 
location of the coding region, psp5 was digested with several restriction endonucleases. 
However due to a lack of useful restriction enzyme sites, it was decided to sequence the
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entire of 2.6 kb insert. Plasmid DNA from the psp5 clone was prepared for 
exonuclease III digestion by first digesting with Apal to provide a protective 3’ 
overhang, then with Xhol to generate an end susceptible to ExoIII. After creating a 
series of deletions by unidirectional exonuclease III digestion (Henikoff, 1984; 
Hutchinson, 1987), double stranded DNA templates were prepared from nine time 
points of digests and six appropriately-sized templates were sequenced. A summary of 
the results for six overlapping clones which encompass the entire coding region (termed 
lcsp5) is presented in Figure 5.1. The sequencing strategy and the extent of these 
overlapping clones are shown diagramatically in Figure 5.1(a).
5.2.4 Nucleotide sequence of the lcsp5 gene
Figure 5.1(b) shows 1129 bp of the psp5 clone that contained a single 768 bp open 
reading frame plus 350 bp of the 5’ and 3’ untranslated regions. There was a 
methionine codon in frame, 132 bp downstream from the start of this sequence. A 
number of potential regulatory and processing features were identified in the 5’ and 3’ 
untranslated regions of the lcsp5 gene. A possible TATA box was located at 47 bp 
upstream of the putative translation start codon. There was a TAA stop codon at the 
end of the open reading frame. A consensus polyadenylation signal (AATAAA) was 
located seventeen nucleotides 3’ to the stop codon (Bimstiel et al., 1985). A persistant 
problem encountered during the sequencing of this clone was the presence of a stable 
DNA secondary structure which resulted in band compression, and as a consequence, 
two unidentified nucleotides at positions 455 and 461. Several attempts were made to 
sequence this region of the clone, but ultimately these were not successful.
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1 TTTTTGATTTGC CAAATTAAAAC TTTTAATAATC TTATCAC TTGTGATAGAAAGTAAGTG 60
61  GATTTC C TTTC TTTTGC TATATAAGC TC C AAAATTTC GAGGAATTAATATAGTTTATTAA 1 2 0
1 2 1  TTTCATTTGATATGTTGAAGTTTGTGATTTTATTGTCGGCCATAGCATGTGCTTTGGGTG 1 8 0  
M L K F V I L L S A I A C A L G G  
1 8 1  GTGCCGTTCCCGAGGGTATGCTTCCCCAATTGGATGGACGCATTGTTGGCGGTGAAGCTA 2 4 0  
a ! v p e g m l p q l d g r >1 I  V G G E A T
2 4 1  CCACCATCAGCAACTTCCCCTGGCAAATCTCTCTTCAACGTTCCGGTTCTCACTCTGGCG 3 0 0
T I S N F P W Q I S L Q R S G S H S G G  
3 0 1  GTGGTTCCATCTACAGTTCTAACATCATTGTGACTGCTGCTCACTGCTTGCAATCTGTCT 3 6 0  
G S I Y S S N I I V T A A H C L Q S V S  
3 6 1  CTACCTCTGTTTTAAAGGTTCGCGCTGGAACCTCCCACTGGAATTTTGGTGGTGTTGTTG 4 2 0  
T S V L K V R A G T S H W N F G G V V V  
4 2 1  TCAGTGTTGCCGCTTTCAAGAACCACGAAGGCTACANTCACNGCACTATGGTCAACGATA 4 8 0  
S V A A F K N H E G Y X H X T M V N D I  
4 8 1  TTGCTGTCATCCGTTTAGCCTCTTCCTTGACTATGTCCTCCTCCGTCAAACCCATTAGCT 54 0  
A V I R L A S  S L T M S  S S V K P I  S L  
5 4 1  TGGCTACTGTTGCTCCTCCTACTGGTGCTGCTGCTGTAGTTTCTGGTTGGGGTACCACCT 60 0  
A T V A P P T G A A A V V S G W G T T S  
6 0 1  CGTCTGGCGCCTATGGTATTCCCTCTCAATTGAGATACGTCGAGGTTCAAATGCTCAGTA 6 60  
S G A Y G I  P S Q L R Y V E V Q M L S T  
6 6 1  CCTCTGCCTGTGCTTCCTCCACTTACGGCTATGGCTCTGAAATCAAACCCACTATGATCT 7 2 0  
S A C A S S T Y G Y G S E I K P T M I C  
7 2 1  GTGCC TACAC TGTC GGTAAAGATGTTTGC CAAGGTGATTC TGGTGGC CCATTGGTC TC TG 7 80 
A Y T V G K D V C Q G D S G G P L V S G  
7 8 1  GTGGTCTATTGGTTGGTGTTGTCTCTTGGGGCTATGGTTGCGCTTTCACCAACTATCCTG 84 0  
G L L V G V V S W G Y G C A F T N Y P G  
8 4 1  GTGTTTATGC TGATGTTGC C GTTC TCC GCAGC TGGGTTGTAAAGAC TGC TTCAAC TATCT 9 0 0  
V Y A D V A V L R S W V V K T A S T  I  
9 0 1  AAATGTTTTTTTCGAGATTAATAAACAATTTATTACGAACTCCTAATAATTTGTGTATTT 9 6 0  
9 6 1  TTTACTTCTCTGTTTTGGTTACAATGAAGNTTATATAAGGAAAAATGTTTAGAATCTAAA 1 0 2 0  
1 0 2 1  CAAGTTTTCGTTAAAAAAGTTGTTCAGAACCAGTACAAGTTTTCGCTAAAAGAGTTGTTC 1 0 8 0  
1 0 8 1  AGAATCTGAAAAAGTTTTCATTAAGAAAGTTGTTCGGAACCTGTACAAG 1 1 2 9
Figure 5.1 Nucleotide and predicted amino acid sequence of lcsp5.
(a) Predicted structure of the lcsp5 gene and sequencing strategy. The filled box shows 
the protease coding region. The extent of the overlapping clones and the direction of 
clones are shown by arrows, (b) The complete nucleotide sequence and translation 
product of the lcsp5 gene is given. Putative TATA box, initiation codon (ATG), 
termination codon (TAA), poly(A) signal (AATAAA) are underlined. Hydrophobic 
amino acids indicative of signal and activation peptide are double-underlined. The arrow 
following Ala indicates a possible cleavage site for the signal peptide. The arrow 
following Arg indicates the most likely cleavage site for the activation peptide which 
precedes the NH2-terminal amino acid sequence of the mature, active from the protease.
82
5.2.5 Predicted amino acid sequence of lcsp5
The translation of the nucleotide sequence of lcsp5 to the putative amino acid sequence 
showed only one possible open reading frame of 256 amino acids. This deduced 
amino acid sequence was analysed for the presence of a possible signal peptide, using 
the von Heijne method (von Heijne, 1986). The deduced amino acid sequence 
contained an arginine residue and a hydrophobic region (30 amino acids) at the NH2- 
terminus characteristic of a signal peptide. Such a signal peptide is required for 
secretion of the protein across the cell membrane and is cleaved off when protein is 
transported out of the cell (Came and Scheele, 1982). The most likely cleavage site for 
the signal peptide was after Ala-18 (von Heijne, 1986). This leaves a 12 amino acid 
activation peptide ending in an Arg-18 which precedes the amino terminal sequence of 
the predicted mature protease protein (Fig. 5.1). Removal of the signal peptide results 
in a 238 residue protease precursor. Subsequent activation of this precursor protein is 
predicted to occur by endoproteoiytic cleavage at Arg-30 to yeild a mature protease of 
226 amino acids. Further analysis of deduced sequence of lcsp5 was done by 
comparison with other known serine proteases and will be discussed in Section 5.3.2.
5.2.6 Northern blot analysis
The expression of lcsp5 was studied both at different developmental stages and at 
different periods after protein-feeding.
5.2.6.1 Expression of lcsp5 at different developmental stages
Figure 5.2 shows a developmental profile of sp5 gene expression in L. cuprina. Total 
RNA was isolated from first instar, second instar, third instar, pupae and adults of both
sexes. Equal amounts of total RNA (5 pg) from each stage were electrophoresed on a
formaldehyde agarose gel under denaturing conditions and transferred onto nylon
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membrane as described in Chapter 2 ( Section 2.2.9.2). The filter was hybridized with 
a radiolabeled antisense RNA probe made from the sp5 PCR fragment under stringent
conditions (1.5XSSPE, 2%SDS, 5%BSA, 400pg/ml denatured DNA, 50% deionized
formamide at 45°C). The slower rate of migration observed for first instar larvae was 
the result of overloading the RNA in this sample. The probe detected a 0.8 kb 
transcript in all three larval stages and adults of both sexes, although at varying levels. 
The gene was expressed at significant levels in adults and all stages of larvae. The 
lower levels of transcript observed in second instar and third instar larvae is most likely 
due to less amounts of RNA loaded or to the quality of RNA used. Expression was not 
detected in pupae.
5.2.6.2 Expression of lcsp5 in response to protein-feeding
The effect of protein-feeding on the expression of the lcsp5 gene was assessed by 
northern blot analysis. Adult female flies were given ad libitum access to protein for 
varying periods of time, (0, 6, 12, 18, 24, 30, 36 and 48 hours). At each timepoint 
midgut tissues were dissected and total RNA was isolated. Equal amounts of total
RNA (5 pg) from each time point were size fractionated on a denaturing formaldehyde
RNA gel and transferred to charged nylon membrane. The blot was probed with the 
same probe as described above under the same conditions of stringency. Figure 5.3 
shows the pattem of lcsp5 expression in response to protein feeding at different time 
points. The expected 0.8kb transcript was detected in each lane although with different 
intensity. The expression of the gene increased five to ten fold, until a peak was 
achieved at 36 hours after flies were first given access to protein, after which it started 
to decline. Thus, the level of gene expression at 48 hours of protein-feeding (lane 9) 
was significantly less than that at 36 hours after protein-feeding (lane 8).
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Figure 5.2 Northern blot analysis of 5|ig total RNA from different developmental stages 
of L. cuprina. Hybridization was performed with a radioactively labeled antisense sp5 
RNA probe. Lanes 1 to 6 demonstrate the hybridization pattern of lcsp5 mRNA isolated 
from first-, second-, third-instar larvae, pupae, adult female and adult male, respectively. 
M, indicates the RNA size marker. Marker sizes are shown at the left of the photograph.
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Figure 5.3 Northern blot analysis of 5(ig total RNA from midgut of adult female 
L. cuprina. Hybridization was performed with a radioactively labeled antisense sp5 RNA 
probe. Lanes 1 to 8 show the hybridization pattern of lcsp5 mRNA isolated from midgut 
tissues of flies 0, 6, 12, 18, 24, 30 ,36  and 48 hours after a protein meal. Position of RNA 
size markers is shown at the left of the photograh.
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5.2.7 In situ hybridization
Localization of sp5 mRNA in the gut of Lucilia cuprina was assessed by in situ 
hybridization. Guts of both sugar-fed flies and flies 24 hours after protein feeding 
were prepared for hybridization as tissue wholemounts (Section 2.2.7). Tissues were 
hybridized with an antisense nonradioactively-labeled RNA probe prepared from the 
sp5 PCR amplicon at 45°C. As control, tissues were probed with a sense probe under 
the same conditions. An overall location of the cells expessing lcsp5 in the midgut of a 
protein fed fly is shown in figure 5.4. Hybridizing cells start in the helicoid region 
where the midgut bends sharply and then extend to the start of hindgut, with a 
particularly intense expression in the posterior midgut region. When viewed at higher 
magnification it was apparent that the mRNA was distributed in the cytoplasm of the 
cells with a mosaic pattem of expression, such that some cells expressed at high levels 
while their immediate neighbors did not show significant lcsp5 mRNA (Fig. 5.5a,b). 
The antisense probe detected mRNAs in the midgut region of both protein- and 
sugar-fed flies (Fig. 5.5c), while the sense probe did not recognize any mRNAs (Fig. 
5.5d). Hybridization to the midgut of protein-fed flies was much more extensive (Fig. 
5.5a) than for sugar-fed flies (Fig. 5.5c).
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Figure 5.4 In situ hybridization of an antisense sp5 RNA probe to whole midgut 
tissue from an adult female 24 hours after protein-feeding. At this magnification (x25) 
individual cells cannot be seen, but the midgut region showing hybridization appears as 
a purple/blue stain on brown/yellow coloured tissues. The hybridizing region is 
indicated with arrows.
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Figure 5.5 The pattern of lcsp5 gene expression in a segment of midgut epithelium of 
adult female flies (a, b, c and d). The same segment is shown in each figure and is taken 
from the coiled region of the abdominal midgut.
(a) Expression of lcsp5 gene in the midgut epithelium from a protein-fed fly hybridized 
with a nonradiolabeled antisense sp5 RNA probe. The cells express the gene at high levels 
(Magnification: xlOO).
Figure 5.5(b) Mosaic pattern of lcps5 expression in a region of midgut epithelium. The 
hybridizing cells are interspersed with patches of cells that do not express the lcsp5 gene 
(Magnification: x75).
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Figure 5.5(c) Expression of lcsp5 gene in the midgut epithelium from a sugar-fed fly 
hybridized with a nonradiolabeled antisense sp5 RNA probe. Note that occasional 
labelled cells (small arrows) are distributed in the epithelium.
Figure 5.5(d) A region of midgut tissues from a sugar-fed fly hybridized with a 
nonradiolabeled sense sp5 RNA probe. No visibly labelled cells could be recognized.
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5.3 D iscussion
A L. cuprina genomic library was screened with a 450 bp PCR amplicon derived from 
the cDNA of an abundantly expressed serine protease in Lucilia adult midgut. Despite a 
relatively high stringency hybridizing conditions, a large number of positive plaques
were identified. One pure positive plaque (Asp5) was recovered and analysed by 
restriction enzyme digests and Southern blotting. The fact that the probe hydridized to 
multiple fragments in restriction enzyme digests of Xsp5 suggested the presence of
multiple, tandemly repeated genes. For further characterization, a genomic subclone 
(psp5) was prepared and partially sequenced. A single continous open reading frame 
was identified in this sequence (lcsp5). The deduced amino acid sequence from lcsp5 
codes for a serine protease 256 amino acids in length, with a mature enzyme plus a 
combined signal and activation peptide of 30 amino acids. These 30 amino acids could 
be divided into an 18 amino acid signal peptide (cleaved between the Arg-18 and Val- 
19) and a 12 amino acid activation peptide which is cleaved after Arg-30 (Fig.5 .1(b)). 
This is very similar to the structure reported for the putative Aedes aegypti trypsinogen 
reported by Barillas-Mury et al. (1991) with a 15 amino acid signal peptide and 10 
amino acid activation peptide, and to the trypsinogens of rat and Drosophila 
melanogaster, which have signal peptides of 15 and 22 amino acids respectively, and 
activation peptides of 8 amino acids (Craik et al., 1984; Davis et al., 1985). The 
cleavage site for the activation peptide, is likely to occur after Arg-30 to generate the 
conserved N-terminal sequence (IVGG) of the mature enzyme. This situation is 
analogous to that found in other invertebrate trypsinogens including the Seri protease 
of Drosophila (Yun and Davis, 1989) as well as trypsin genes of Drosophila (Davis et 
al., 1985), A. aegypti (Barrilus Mury et al., 1991), A. gambiae (tryl and try2) 
(Muller et al., 1993a), S. vittatum (Ramos et al., 1993) and M. sexta  (Peterson et al., 
1994) and vertebrate proelastase and chymotrypsinogens (MacDonald, 1982). The 
activation peptide for lcsp5 lacks the enterokinase consensus sequence (DDDDK) for
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cleavage found in most vertebrate trypsinogens (Maroux et al., 1971) which prevents 
the autocatalysis. The arginine at position 30 in the deduced amino acid sequence 
suggests that activation occurs by tryptic cleavage. A possible activation by trypsin is 
also seen with the midgut trypsinogens of all insect species mentioned above. 
However, the actual mechanism for activation of invertebrate trypsins has not been 
determined.
5.3.1 lcsp5 represents a trypsin-like enzyme
A search of the protein databases (FASTA and Blast) revealed that the lcsp5 protein is 
most similar to other invertebrate and vertebrate trypsins. Figure 5.6 shows a multiple 
sequence alignment of the deduced amino acid sequences of lcsp5 with the most similar 
insect trypsin-like serine proteases detected in the database analysis and including 
vertebrate and crustacean trypsins (bovine and crayfish) for comparison. The most 
similar invertebrate sequences indentified were: L. cuprina trypsin alpha-4, 
D. melanogaster trypsin alpha, beta, theta and epsilon, A. gambiae trypsin, A. aegypti 
trypsin 3, S. vittatum trypsin 1, crayfish trypsin. Sequence identity of lcsp5 with the 
other trypsins listed varies from 55% to 80%. Importantly, amino acids that are known 
to be essential for enzyme structure and function are all conserved in lcsp5. These 
include members of the His-Asp-Ser ‘catalytic triad’ (Blow et al., 1969) (Fig. 5.6). Of 
the six cysteine residues that are known to form disulfide bonds in invertebrate 
trypsins, all are conserved in lcsp5 and probably form disulfide bonds as indicated in 
Figure 5.6. Asp-236, Gly-265, Gly-275 (corresponding to Ser-189, Gly-216 and 
Gly-226 of bovine Chymotrypsin numbering) line the substrate binding pocket and 
determine substrate specificity. As all trypsins have an Asp (or Glu) at this position, it 
is likely that lcsp5 encodes an enzyme with specificity closely resembling that of 
trypsins and not of other serine proteases.
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5.3.2 lcsp5 serine protease expression
The northern blot analyses described in this chapter established that the sp5 amplicon 
hybidized to a transcript approximately 0.8 kb in length. Northern blot analysis of 
lcsp5 at different developmental stages showed the presence of transcripts at all stages 
tested except pupae, which agrees well with the proposed function of lcsp5 as a 
trypsin-like digestive enzyme. Flies at pupal stage get their energy requirement from 
metabolism of the existing cellular material inside their body rather than feeding on 
food, therefore digestive enzymes are generally thought not to be expressed at this 
stage. Northern blot analysis also indicated that lcsp5 mRNA was present in the 
midgut before protein feeding, then increased in response to protein feeding. 
Comparison of the expression of this gene with total protease activity (section 3.2.4) 
revealed that both follow the same overall pattem of activity in response to protein 
feeding, i.e. increasing in response to protein feeding, achieving a maximum and then 
declining gradually by 48 hours. The increase of both mRNA and protease activity in 
response to protein feeding suggests that protease activity is at least partly regulated at 
the transcriptional level. However the gene was also expressed in sugar-fed flies. This 
might be explained if the mRNA was stored in stable form at low levels and protein 
feeding increased the expression of the gene partly at post-transcripional level. 
Therefore, it is possible that regulation of the lcsp5 protease occurs at both the 
transcriptional and post transcriptional levels. While it is expected that the maximum 
level of enzyme activity occurs after achieving a mRNA peak, protease activity rose to 
its maximum 12 hours earlier (at 24 hours protein feeding) than mRNA peak (at 36 
hours protein feeding). The discrepancy between the peak level of enzyme activity and 
mRNA expression could be explained in several ways. First, and perhaps the most 
likely possibility, is that the total enzyme activity as measured by azocasein hydrolysis 
reflects the expression of many protease genes, of which lcsp5 is only one. Second, it 
may reflect the contribution of other factors in regulation of protease synthesis or gene 
expression. These include hormonal and metabolic events in relation to egg
94
development in insects. One well defined hormonal signalling pathway described in 
Aedes aegypti (Borovsky et al., 1990) and Neobellieria bullata (Bylemans et al., 1994) 
is the secretion of an ovarian hormone (TMOF) from follicular epithelium of oocytes at 
24 hours after protein feeding to shut down trypsin-like enzyme biosynthesis in the 
midgut cells via another regulatory factor. This regulatory factor might have an 
inhibitory effect on the translation of mRNA, and therefore although mRNA level 
increases up to 36 hours, further translation of the message after 24 hours is prevented. 
Since the presence of TMOF hormone has not been investigated in Lucilia, further 
experiments would be required to examine this hypothesis. Very little detailed 
information is available concerning the regulation of proteases in insects. In the 
mosquito Aedes aegypti, a two phase trypsin induction (early trypsin and late trypsin) 
following a blood meal was proposed (discussed in General Introduction, Section 
1.2.2). While the actual mechanism for the induction of the early trypsin gene is 
unclear, a combination of transcriptional and translational regulation was suggested for 
the induction of the late trypsin gene in response to a blood meal. Early trypsin activity 
has been identified as a part of the signal transduction system to activate transcription of 
the late trypsin gene via some digestive products. The level of late trypsin translation 
could be controlled in turn by the amino acids released from protein digestion, or by 
some hormonal factors, as yet unknown (Barillas-Mury et al., 1995). In Anopheles 
gambiae, Muller et al. (1993b) indicated that the transcription of seven trypsin genes 
(Antrypl-7) was induced by blood feeding to different extents. They noted that, while 
Antryp2 transcription is detectable exclusively in blood fed females, the regulation of 
Antrypl, 3, 4, 5, 6 and 7 is not as tight as in the case of Antryp2. Antryp 3, 4, 5, 6 
and 7 transcripts are present at low levels in unfed females. In the black fly Simulium 
vitattum, the expression of trypsin-like and carboxypeptidase-like genes is strongly 
induced by a blood meal. However, significant levels of trypsin mRNA are present in 
the midgut of unfed flies (Ramos et al., 1993). Expression of these genes at different 
levels, regulated with different stringency following a blood meal illustrates a variation
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in gene regulation not only between different species but among the members of a gene 
family in one species.
There is little information on the expression of insect gut proteases at the cellular level. 
In this study, in situ hybridization has detected a high degree of spatial localization of 
mRNA sequences complementary to sp5 probe. The results indicate that the expression 
is mostly restricted to the posterior midgut of protein-fed flies. Trypsin activity in 
blood fed Anopheles stephensi (Billingsley and Hecker, 1991) and D. melanogaster 
(Davis et al., 1985) is spatially restricted to the posterior region of the midgut lumen. 
Furthermore, immunolocalization of the trypsin-like protein to the gut of black fly, 
Simulium vittatum (Ramos et al., 1993) confined the trypsin-like immunoreactivity to 
the midgut epithelial cells and to the outer layers of the peritrophic membrane. 
Hybridization to the gut of sugar-fed flies with the sp5 probe verified the results of the 
Northern blot analysis, demonstrating expression of mRNA in the midgut even in the 
absence of protein feeding. In conclusion, although induction of protease enzymes 
depends on protein feeding in L. cuprina, at least for the expression of lcsp5, a protein 
meal is not absolutely necessary for gene transcription.
96
Chapter 6
Characterization of lcsp2, a novel serine protease gene
6.1 Introduction
The previous chapter was concerned with the isolation and characterization of a 
trypsin-like protease gene lcsp5 from the Lucilia cuprina genome. This chapter follows 
a similar format to the previous one, but deals with the isolation, characterization of 
second type of serine protease gene, represented by the sp2 PCR clone. Thus, the sp2 
PCR amplicon was used as a probe to screen a cDNA library. It was also used to 
construct an antisense RNA probe for northern blot and in situ hybridization analysis to 
identify the pattern of sp2 expression.
6.2 Results
6.2.1 cDNA library screening
Four cDNA clones hybridizing to the sp2 fragment were obtained by screening a 
L. cuprina cDNA library. This library prepared from whole mid third-instar larvae 
was kindly provided by Dr. R. J. Hill. In constructing the library, EcoR I adaptors 
were ligated to size-fractionated, blunt-ended cDNA, which was then cloned into the
EcoR I site of the vector lambda ZAP II. Hence, EcoR I can be used to excise the
cDNA insert.
Approximately 5 x 105 plaques were screened using radiolabelled sp2 PCR amplicon as 
the probe. In the first round of screening, seven plaques were hybridized to the probe, 
of which, three did not survive the second round of screening. Four positively 
hybridizing plaques were isolated and purified by two more rounds of screening.
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Phage clones identified as positives were used to generate plasmid clones by an in vivo 
excision protocol (Section 2.2.6.4). Preliminary attempts to characterize the four 
clones by EcoR I digest generated the vector, plus three fragments derived from the 
insert, indicating the presence of internal EcoR I sites in all four clones. Subsequently, 
clones were double-digested with Xba I and Xho I to release the cDNA insert intact 
(Fig. 6.1). The cDNA clones, designated psp2.1, psp2.2, psp2.3 and psp2.4 had 
insert sizes of approximately 0.8 kb (Fig. 6.1). The restriction enzyme analysis 
suggested that sp2.1 and sp2.2 were the same and sp2.3 and sp2.4 were the same, but 
that psp2.1/psp2.2 might be different from psp3/psp4, because they appeared to be 
slightly different in size. Initially, all four clones were confirmed as belonging to the 
family by Southern blot hybridization using the sp2 PCR amplicon as a probe at high 
stringency of hybridizations and washing. Since the library had been amplified, the 
similarity of insert size and banding pattem generated by EcoRl digestion of 
sp2.1/sp2.2 and sp2.3/sp2.4 suggested that the four clones might represent only two 
cDNA types. To assess this idea and for further characterization, sequence analysis 
was performed on all four clones.
6.2.2 cDNA Sequence analysis
Double stranded DNA templates were prepared from the four cDNAs using the 
Plasmidfast™ plasmid purification technique. The templates were initially sequenced 
from both ends with forward and reverse primers using dye-primer cycle sequencing. 
This provided sequence information for approximately 300bp at the 5’ and 3’ ends of 
each clone. Analysis of this sequence information showed that the four clones 
represented two different but highly similar cDNAs. Clone psp2.1 and clone psp2.2 
were identical and represented one cDNA termed lcsp2, while clones psp2.3 and 
psp2.4 were identical to each other and represented a second type of cDNA, termed 
lcsp3. Since the sequences obtained from each end of the clones did not overlap, it was 
not possible to obtain complete cDNA sequence by this approach. To fill the gap,
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Eco RI Xho \/Xba I
8454bp
-3670bp
-1929bp
-1371bp
720bp
Figure 6.1 Gel electrophoresis of cDNA clones digested with EcoRl and XhoVXbal. 
M, represent DNA size markers as follows: M l: lOObp ladder, M2: ADNA digested
with BstE II, M3: Linear vector pBSK-. a,b, c and d represent psp2.1, psp2.2, psp2.3 
and psp2.4 cDNA clones, respectively. Clones on the left half of the gel were digested 
with £coRI and the four on the right half were double digested with XhoVXbal.
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further sequencing of these clones was carried out using two specific internal primers, 
SPA1 (GGCAATTGAGCCAAACCAC) and SPA2 (GCATTAGCAACCCTGTGG). 
These two oligonucleotide primers were designed against sequences in 5’ and 3’ 
regions that were highly conserved in all four clones. These primers were used to 
further sequence the DNA clones using dideoxy dye-terminator cycle sequencing. This 
approach provided sequence information flanking 5’ and 3’ regions of cDNAs towards 
the internal region of the clones. To obtain the full length of the gene, sequence 
information from four overlapping sequences were assembled. The strategy for 
sequencing is presented in Figure 6.2.
6.2.3 cDNA structure of lcsp2 and lcsp3
The complete sequence of the two cDNAs lcsp2 and lcsp3, representing two closely 
related serine protease genes from L. cuprina, together with their derived amino acid 
sequences are presented in Figures 6.3 and 6.4. The cDNA lcsp2 is 912 nucleotides 
long, of which 11 nucleotides are 5’-noncoding region and 82 nucleotides 
3’ noncoding region (Fig. 6.3). The coding region contains a single open reading 
frame 819 nucleotides in length, starting with the initiation codon ATG 11 nucleotides 
downstream from the start of the clone. The 3’-noncoding region contains a TAA stop 
codon, and a poly (A) tail 58 bp downstream from the stop codon. A consensus 
AATAAA polyadenylation signal was present 15 bp upstream of the poly (A) tail. 
This is in accordance with the usual distance of polyadenylation signal from poly (A) 
tail, i.e. between 10 to 30 nucleotides (Bimstiel et al., 1985). The lcsp3 clone is 896 
nucleotides long, including noncoding regions. It is likely that the clone was truncated 
at the 5’ end. The sequence contains a continous open reading frame that does not 
appear to be full length. The 3’-noncoding region of 83 nucleotides contains a TAA 
translation stop codon, and an AATAAA polyadenylation signal sequence 14 
nucleotides upstream of the poly (A) tail. The lcsp3 clone contains a single open 
reading frame of 813 nucleotides (Fig. 6.4).
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H-------- 1---------1-------- 1---------1-------- 1-------- 1---------1-------- bp
1 100 bp
Vector
EcoRl
___ I___
SPAl
Vector
EcoRl
_____I ____
SPA2
Figure 6.2 . Sequencing strategy for the lcsp2 and lcsp3 cDNA clones. Arrows 
indicate the direction and the extent of the overlapping sequenced regions. RP and UF 
indicate represent the location of reverse and universal forward dye-primers, 
respectively. SPAl and SPA2 represent the location of the two gene-specific 
oligonucleotide primers.
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1 GAAAAGTAAACATGAAAGTCCTTGTAGTCTTTCCTGTTTTGGTGGCTTGCACCCATGCAG 60 
M K V L V V F P V L V A C T H A i A
61 CTTCCTTCTCCAACATTGCACAAAAATTAATGCCCAGTTTTCCCACTGGTTACATTATTA 12 0  
S F S N I A Q K L M P S F P T G Y I  I K
12 1  AGGGACAAGATGCAGAACCTCATTCTGCTCCTTACATTGTATCCTTAAGCAGAACTTCGA 1 8 0  
G Q D A E P H S A P Y I V S L S R T S K
1 8 1  AGCATTCACACATTTGCGGTGGCACTCTCATCAATAAGAACTGGATTGTAACCGCTGCTC 2 4 0  
H S H I O G G T L I N K N W I V T A A H
2 4 1  ACTGCATTAGCAACCCTGTGGTAaTGGGTGTTGTAGCTGGTCTTCACAAGCGCACCAATT 3 0 0  
0  I  S N P V V M G V V A G L H K R T N Y
3 0 1  ACGATGCCAAGACTCAATCCCGTGTTGTGGACTATGGCAAGGTACATGAAAACTACAGTG 3 6 0  
D A K T Q S R V V D Y G K V H E N Y S G
3 6 1  GTGGTGTGGGACCTTACGATATTGCCATTTTGCATGTTTCACAACCTTTCGAATTCAATG 4 2 0  
G V G P Y D I A I L H V S Q P F E F N D
4 2 1  ACTGGGTACAACCTGCTGTTTTACCAGCTCCCGAAGAAATCCATGAAGGTGAAACTCATT 4 8 0  
W V Q P A V L P A P E E I H E G E T H L
4 8 1  TGTATGGTTGGGGTCAACCTAAATCTTATGTTTTAACTGCTGCCAGTACTTTGCAAACTG 540  
Y G W G Q P K S Y V L T A A S T L Q T V
54 1  TCACCACCCAAATTGTAGAATTCAACAAATGTAAGGCTATTTTGCCCGCTGATGCTCCTA 60 0  
T T Q X V E F N K d K A X L i P A D A P X
6 0 1  TCCATGAAACCAACTTATGTTCGGACTCTTTGCAACAAAGCATCTCTGCCTGCAATGGTG 6 6 0  
H E T N L O S D S L Q Q S I S A O N G D
66 1  ACTCTGGCGGACCCTTGGTTAAGGAATATGAAAATGCTCCTGCTGAATTGATTGGTATTG 7 2 0  
S G G P L V K E Y E N A P A E L I G I V
7 2 1  TTTCCTGGGGTTACANCCCTTGTGGTTTGGCTCAATTGCCTTCGATTTACACTCGTGTCC 7 8 0  
S W G Y X P O G L A Q L P f i T I Y T R V P
7 8 1  CCGCTTATATCAGCTGGATCAATAATGCCCAAACTGAATTTTTCATGGCATAAATTGTAA 84 0  
A Y I  S W I N N A Q T E F F M A
8 4 1  GGATTTTAC GATTT TGTAAAAGT TAT TTC AAATAAATT TTAAAGAGATTNTAAAAAAAAA 9 0 0
901  AAAAAAAAAAAA 912
Figure 6.3. Nucleotide sequence and the predicted amino acid sequences of lcsp2. 
Putative start codon (ATG), stop codon (TAA), polyadenylation signal (AATAAA) and 
poly (A) tail are underlined. Putative signal peptide is double-underlined and a possible 
cleavage site is indicated by a vertical arrow. Active site residues are in bold type. 
Residues lining the specific binding site are in italic bold type. Cysteine residues thought 
to be involved in formation of disulfide bridges are shadowed. N at position 736 denotes 
an unresolved nucleotide originating from band compression caused by the stable DNA 
secondary structure. Amino acid X at position 242 denotes an unidentified residue.
102
1 GTTTTAGTAGTTTGTGTTCTATTGGTGGCCTGCGCCAATGCCTCCTCGTTATCCAATATT 60 
V L V V C V L L V A  >lc A N A S S L S N I
61 GCTCAAAAATTAATGCCCAGTTTCGCAACTGGTTACATTATTAAGGGACAAGATGCTGAA 1 2 0  
A Q K L M P S F A T G Y I  I K G Q D A E
1 2 1  CCTCATTCCGCTCCTTACATTGTATCCTTAAGCAGAACCTCTAAACACTCCCACATTTGT 18 0  
P H S A P Y I V S L S R T S K H S H I O
1 8 1  GGTGGCACTCTCATCAACAAAAACTGGATTTTAACCGCTGCTCACTGCATTAGCAACCCT 2 4 0  
G G T L I N K N W I L T A A H O I S N P
2 4 1  GTGGTAATGGGTGTTGTTGCTGGTCTCCACAAGCGCAcCAATTACGATGCCAAGACTCAA 30 0  
V V M G V V A G L H K R T N Y D A K T Q
3 0 1  TCCCGTGTGGTGGATTTCGGAAAAGTACATGAAAACTATAGTGGTGGTGTGGGACCTTAC 3 6 0  
S R V V D F G K V H E N Y  S G G V G P Y
3 61 GATATTGCCATTTTGGATGTTTCACAACCCTTCGAATTCAACGACTGGGTACAACCTGCC 42 0 
D I A I L D V S Q P F E F N D W V Q P A
4 2 1  GTTTTACCAGCTCCCGAAGAAATCCATGACGGTGAAACTCATTTGTATGGTTGGGGTCAA 4 8 0  
V L P A P E E I H D G E T H L Y G W G Q
4 8 1  CCTAAATCTTATGTCTTGACTGCTGCCAGTACTTTGCAAACTGTTACCACTCAAATTGTA 540  
P K S Y V L T A A S T L Q T V T T Q I V
5 4 1  GAATTCAACAAGTGTAAAGCCACTTTGTCTGCTGATGCTCCCATCCATGAAACCAACTTA 60 0  
E F N K O K A T L S A D A P I H E T N L
6 0 1  TGTTCGGACTCTTTGCAACAAAGCATCTCTGCCTGCAATGGTGACTCTGGCGGCCCCTTG 660  
0  S D S L Q Q S I  S A O N G D S G G P L
6 6 1  GTTAAGGAATATGAAAATGCTCCTGCTGAATTGATTGGTATTGTTTCCTGGGGTTATATC 7 2 0  
V K E Y E N A P A E L I G I V S W G Y I
7 2 1  CCTTGTGGTTTGGCTCAATTGCCTTCTATTTACACTCGTGTCTCTGCCTACATCCCTTGG 7 8 0  
P O G L A Q L P G I Y T R V S A Y I P W
7 8 1  ATTAATCAAGGTCAAAGAGAATTTTATTTGGCTTAAAGGGATTTTATTGTAAACAGAGAA 84 0  
I N Q G Q R E F Y L A
8 4 1  AATTACGATGATTTAAATNAATAAATGCATATTAAAAACAAAAAAAAAAAAAAAAA 8 9 6
Figure 6.4. Nucleotide sequence and the predicted amino acid sequences of lcsp3. 
Putative stop codon (TAA), polyadenylation signal (AATAAA) and poly (A) tail are 
underlined. Putative signal peptide is double-underlined. Possible cleavage site is 
indicated by a vertical arrow. Active site residues are in bold type. Residues lining the 
specific binding site are in italic bold type. Cysteine residues thought to be involved in 
formation of disulfide bridges are shadowed.
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6.2.4 Predicted amino acid sequences of lcsp2 and lcsp3 genes
The cDNA lcsp2 potentially encodes a 273 amino acid protein and specifies a serine 
protease which begins with methionine and lysine, followed by fourteen mainly 
hydrophobic residues, suggestive of a signal peptide (Fig. 6.3) with a possible 
cleavage site at position 16 (von Heijne, 1986). Analysis of the predicted amino acid 
sequences of lcsp2 led to the identification of a number of amino acids that are 
conserved in all serine proteases. The presence and spacing of His-77, Asp-123 and 
Ser-218 is characteristic of the charge relay system found in serine proteases of other 
animals (Kraut, 1979). Three disulfide bridges conserved among vertebrate and 
invertebrate serine proteases are predicted between residues Cys-62_Cys-78, 
Cys-187_Cys-203 and Cys-214 _Cys-244 .
A similar analysis was made for the putative protein derived from lcsp3 gene. The 
unique open reading frame of this gene encodes a protein of 271 amino acids beginning 
with ten hydrophobic residues (Fig. 6.4) as part of a putative signal peptide. The 
predicted protein also contains active site residues Asp-121, Ser-216 and His-75 and 
three disulfide bridges Cys-60_Cys-76, Cys-185_Cys-201 and Cys-212_Cys-242.
In the deduced protein sequences of both genes, one of the amino acid residues 
conferring substrate specificty is a serine (Ser-210 in lcsp2 and Ser-208 in lcsp3) which 
lies at the bottom of the binding pocket. The presence of serine at this position is a 
characteristic of chymotrypsin-like serine proteases (Ser-198, bovine Chymotrypsin 
numbering). However, at the top of binding pocket, where trypsin- and chymotrypsin- 
like serine proteases contain glycine residues (Gly-216 and Gly-226), Gly-226 is 
replaced by a serine (Ser-251 in lcsp2 and Ser-249 in lcsp3). At this stage, it is not 
known what significance this difference may have for the substrate specificity of these 
enzymes. Further identification of these putative proteins will be discussed in 
Section 6.3.1.
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Another phenomenon observed in the predicted sequence of both proteins was the lack 
of conserved amino acids at the start of N-terminal region of serine protease proteins 
and at the activation peptide cleavage site. Activated serine proteases often begin with 
the amino acid sequence IVGG preceded by a basic residue (i.e. Arg in invertebrates 
and Lys in vertebrates), marking the point at which the precursor is cleaved by a tryptic 
activation to produce an active protease. The absence of such a stmcture in lcsp2 and 
lcsp3 proteins suggests a different mechanism for activation of these enzymes or the 
requirement of an enzyme other than trypsin for activation.
6.2.6 Northern blot analysis
Expression of Icsp2/lcsp3 in the midgut of L. cuprina was investigated as described 
previously for lcsp5, by northern blot analysis blot analysis of RNA from different 
developmental stages and at different periods after protein-feeding.
6.2.6.1 Expression of Icsp2/lcsp3 at different developmental stages
Total RNA was isolated from first instar, second instar, third instar larvae, pupae and 
adult males and females. Equal amounts of RNA from each stage (5 jig) were
electrophoresed on a formaldehyde agarose gel under denaturing conditions and 
alkaline blotted onto nylon membrane as described in chapter 2 ( Section 2.2.9.2). 
Filters were hybridized with a radiolabeled antisense RNA probe made from the sp2 
PCR fragment under stringent conditions (1.5XSSPE, 2%SDS, 5%BSA,
400jig/ml denatured DNA, 50% deionized formamide at 45°C). The pattem of RNA
hybridization to the probe is presented in Figure 6.5. The probe detected a 0.8 kb 
transcript in third instar larvae and adults both sexes while it had little or no expression 
in first or second instar larvae, or pupae. To confirm the result of this experiment,
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filters were exposed for a longer period (two days at -70°C). This revealed a very faint 
band of hybridization with the same size (0.8 kb) in the first instar larval sample.
C
O
L
O
C
O
C
M
9 4 8 8
6 2 2 5 -
3 9 1 1 -
2 8 0 0 -
1 8 9 8 -
8 7 2 -
'  m mm
Figure 6.5 Northern blot analysis of 5 jig total RNA from different developmental 
stages of L. cuprina. Hybridization was performed with a radioactively labeled 
antisense sp2 RNA probe. Lanes 1 to 6 demonstrate the hybridization pattern of 
Icsp2/lcsp3 mRNA isolated from first-, second-, third-instar larvae, pupae, adult female 
and adult male, respectively. M, indicates the RNA size marker. Marker sizes are 
shown at the left of the photograph.
6.2.6.2 Icsp2/lcsp3 expression in response to protein feeding
The expression of Icsp2/lcsp3 in response to protein feeding was assessed by northern 
blot analysis. Adult female flies were given ad libitum access to protein for varying 
periods of time: 0, 6, 12, 18, 24, 30, 36 and 48 hours. At each time point midgut
tissues were dissected and total RNA was isolated. Total RNA (5 fig ) from each time
point was size fractionated on a dentauring formaldehyde RNA gel, then transferred to 
charged nylon membrane. The blot was probed with the same probe as described 
above at the same conditions of stringency. Figure 6.6 shows the pattem of
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Icsp2/lcsp3 expression in response to protein feeding at different time points. A single 
size of transcript (~ 0.8 kb) was detected in each lane although with different intensity. 
Transcriptional activity of the gene increased approximately 3-fold with increasing time 
after protein feeding. The gene showed weakest expression at the 0 time point in the 
absence of any protein, then increased steadily until a maximum level of expression 
was achieved at 36 hours. Thereafter the expression of the gene decreased.
m -
3911
2800 -
1898 -
8 7 2 -  
562  -  
363 -
Figure 6.6 Northern blot analysis of 5|ig total RNA from midgut of adult female 
L. cuprina. Hybridization was performed with a radioactively labeled antisense sp2 
RNA probe. Lanes 1 to 8 show the hybridization pattem of Icsp2/lcsp3 mRNA isolated 
from midgut tissues of flies 6, 12, 18, 24, 3 0 ,3 6 , 48 and 0 hours after a protein meal. 
Position of size markers is shown at the left of the photograph.
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6.2.6.3 In situ hybridization
Distribution of Icsp2/lcsp3 expression in the midgut tissue was examined by in situ 
hybridization using an antisense, nonradioactively labeled RNA probe prepared from 
the sp2 PCR amplicon. Sugar fed- and protein-fed flies were dissected to extract 
midguts. Midgut tissues were hybridized with the probe at 45°C. As a control, a sense 
strand nonradioactively labeled probe was prepared from the sp2 PCR fragment and 
used in tissue hybridization under the same conditions. The sense probe did not detect 
any hybridization signal in midgut tissues (Fig. 6.7). The pattem of hybridization to 
antisense probes in the midgut of sugar- and protein-fed flies was the same, the cells 
expressing alow  level of gene were distributed uniformly over the midgut (Fig. 6.8). 
However, compared to protein-fed flies, cells in the midgut epithelium of sugar-fed 
flies were more weakly hybridized (not shown).
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Figure 6.7 In situ hybridization of a nonradiolabled sense sp2 RNA probe to the 
midgut epithelium of a protein-fed adult female fly. Note that no labelled cells could be 
recognized, (magnification: xlOO)
Figure 6.8 In situ hybridization of a nonradiolabeled antisense sp2 RNA probe to the 
midgut epithelium of a protein fed adult female fly. The cells expressing Icsp2/lcsp3 
hybridize at a low level and are distributed over the midgut. (magnification: xlOO)
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6.3 Discussion
A L. cuprina larval cDNA library was screened with a novel serine protease gene 
fragment, sp2, isolated by RT-PCR from cDNA prepared from midguts of adult female 
L. cuprina. These four positive clones were identified and characterized by nucleotide 
sequencing. The four clones represented two different but highly similar cDNAs, 
designated lcsp2 and lcsp3.
6.3.1 Relationship of the lcsp2 and lcsp3 genes
A pairwise alignment of the nucleotide sequences of the lcsp2 and lcsp3 genes provided 
a basis to assess the similarities and differences between these two genes (Fig. 6.9). 
The result of this comparison showed that the two cDNAs are highly similar, with 
87.54% identity over their total length. The major difference between these clones 
occurs in sequences at the 5’ and 3’ terminal regions. In 3’ terminal region, the 
nucleotide sequences differ dramatically in the last 130 bp which include both coding 
and noncoding regions. Since clone lcsp3 is not full-length, and terminates within the 
putative signal peptide region, it was not possible to compare the 5’ untranslated 
domains of the two cDNAs. However, the alignment shown in Figure 6.9 indicates a 
marked reduction in sequence similarity in the 5’ region of the protein coding sequence. 
An alignment of the lcsp2 and lcsp3 protein sequences is presented in Figure 6.10. The 
two proteins are very similar overall (92% identity over 272 amino acids) but are much 
less conserved in the N- and C-terminal regions. As a group, the serine proteases are 
poorly conserved in these regions, possibly reflecting the fact that these parts of the 
protein are not involved in catalytic functions of the enzyme.
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lcsp3 1 ................ GTTTTAGTAGTTTGTGTTCTATTGGTGGCCTGC 3 3
II 1 M I M  1 1 1 1 l l l l l l l l  I I I
lcsp2 1 GAAAAGTAAACATGAAAGTCCTTGTAGTCTTTCCTGTTTTGGTGGCTTGC 50
lcsp3 34 GCCAATGCCTCCTCGTTATCCAATATTGCTCAAAAATTAATGCCCAGTTT 83
II I N I  1 II II M I M  M I M  M 1 M 1111 M M 1111 M 1
lcsp2 51 ACCCATGCAGCTTCCTTCTCCAACATTGCACAAAAATTAATGCCCAGTTT 100
lcsp3 84 CGCAACTGGTTACATTATTAAGGGACAAGATGCTGAACCTCATTCCGCTC 133
lcsp2 101 TC CCACTGGTTACATTATTAAGGGACAAGATGCAGAAC C TCATTC TGC TC 150
lcsp3 134 CTTACATTGTATCCTTAAGCAGAACCTCTAAACACTCCCACATTTGTGGT 183
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II II II II l l l l l l l l  I I I
lcsp2 151 CTTACATTGTATCCTTAAGCAGAACTTCGAAGCATTCACACATTTGCGGT 2 00
lcsp3 184 GGCACTCTCATCAACAAAAACTGGATTTTAACCGCTGCTCACTGCATTAG 233
l l l l l l l l l l l l l l  II  l l l l l l l l l  11111111I I 111111111111
lcsp2 201 GGCACTCTCATCAATAAGAACTGGATTGTAACCGCTGCTCACTGCATTAG 250
lcsp3 234 CAACCCTGTGGTAATGGGTGTTGTTGCTGGTCTCCACAAGCGCAcCAATT 283
M M M M M M M M M M I M I  l l l l l l l l  I M M M M M M I M
lcsp3 251 CAACCCTGTGGTAaTGGGTGTTGTAGCTGGTCTTCACAAGCGCACCAATT 300
lcsp3 284 ACGATGCCAAGACTCAATCCCGTGTGGTGGATTTCGGAAAAGTACATGAA 333
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M i l l  1 II II l l l l l l l l llcsp2 301 ACGATGCCAAGACTCAATCCCGTGTTGTGGACTATGGCAAGGTACATGAA 350
lcsp3 334 AACTATAGTGGTGGTGTGGGACCTTACGATATTGCCATTTTGGATGTTTC 383
M i l l  1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
lcsp2 351 AACTACAGTGGTGGTGTGGGACCTTACGATATTGCCATTTTGCATGTTTC 400
lcsp3 384 ACAACCCTTCGAATTCAACGACTGGGTACAACCTGCCGTTTTACCAGCTC 433
l l l l l l  111I I 111111 M I H I  111 I I I  1I I 11 111I I 11 M I I 11
lcsp2 401 ACAACCTTTCGAATTCAATGACTGGGTACAACCTGCTGTTTTACCAGCTC 450
lcsp3 434 CCGAAGAAATCCATGACGGTGAAACTCATTTGTATGGTTGGGGTCAACCT 483
l l l l l l l l l l l l l l l l  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1
lcsp2 451 CCGAAGAAATCCATGAAGGTGAAACTCATTTGTATGGTTGGGGTCAACCT 500
lcsp3 484 AAATCTTATGTCTTGACTGCTGCCAGTACTTTGCAAACTGTTACCACTCA 533
l l l l l l l l l l l  I I  1111111I I 111111111111I I 1II M I M  II
lcsp2 501 AAATCTTATGTTTTAACTGCTGCCAGTACTTTGCAAACTGTCACCACCCA 550
lcsp3 534 AATTGTAGAATTCAACAAGTGTAAAGCCACTTTGTCTGCTGATGCTCCCA 583
111111111111111111 M I M  II 1 MM 1 l l l l l l l l l l l  1CNa w u 1—1 551 AATTGTAGAATTCAACAAATGTAAGGCTATTTTGCCCGCTGATGCTCCTA 600
lcsp3 584 TCCATGAAACCAACTTATGTTCGGACTCTTTGCAACAAAGCATCTCTGCC 633
lcsp2 601 TC CATGAAAC CAAC TTATGTTC GGAC TC TTTGCAACAAAGCATC TC TGC C 650
Icsp3 634 TGCAATGGTGACTCTGGCGGCCCCTTGGTTAAGGAATATGAAAATGCTCC 683
I I I I I I I I I I I II I I I I I I I I I I I  I I I I I I  I I I  I I I I I I  I I I I I I I I I  I
lcsp2 651 TGCAATGGTGACTCTGGCGGACCCTTGGTTAAGGAATATGAAAATGCTCC 700
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lcsp3 684
lcsp2 701
lcsp3 734
lcsp2 751
lcsp3 784
lcsp2 801
lcsp3 832
lcsp2 851
lcsp3 882
lcsp2 901
TGCTGAATTGATTGGTATTGTTTCCTGGGGTTATATCCCTTGTGGTTTGG 733
11111111111111111111111! 11111111!
TGCTGAATTGATTGGTATTGTTTCCTGGGGTTACANCCCTTGTGGTTTGG 750 
CTCAATTGCCTTCTATTTACACTCGTGTCTCTGCCTACATCCCTTGGATT 783
CTCAATTGCCTTCGATTTACACTCGTGTCCCCGCTTATATCAGCTGGATC 800 
AATCAAGGTC AAAgAgAATTTTATTTGGC TTAAAGGGATTTTATTGTA. . 831
AATAATGCCCAAACTGAATTTTTCATGGCATAAATTGTAAGGATTTTACG 850 
AACAGAGAAAATTACGATGATTTAAATNAATAAATGCATATTAAAAACAA 881
I I N I  I I I M i l l :  I I  I h l  M I M  I I
ATTTTGTAAAAGTTATTTCAAATAAATTTTAAAGAGATTNTAAAAAAAAA 900 
AAAAAAAAAAAAAAA 896
I I I I I I I I I I I I
AAAAAAAAAAAA.., 912
Figure 6.9 Pairwise alignment of lcsp2 and lcsp3, using the ‘Gap’ program. Gaps 
are introduced to maximize the homology. Percent identity: 87%.
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lcsp3 1
lcsp2 51
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lcsp3 99
lcsp2 151
lcsp3 149
lcsp2 201
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lcsp2 251
lcsp3 249
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TQSRWDYGKVHENYSGGVGPYDIAILHVSQPFEFNDWVQPAVLPAPEEII I I I I I I : I I I I I I I I II II I I I I I I I • I I I I I I I I I I I I I I I I I II I I I
TQSRWDFGKVHENYSGGVGPYDIAILDVSQPFEFNDWVQPAVLPAPEEI
HEGETHLYGWGQPKSYVLTAASTLQTVTTQIVEFNKCKAILPADAPIHET
h1111111111111111111111111111111111111 • M IIIII11
HDGETHLYGWGQPKSYVLTAASTLQTVTTQIVEFNKCKATLSADAPIHET 
NLC SDSLQQSISACNGDSGGPLVKEYENAPAELIGIVSWGYXPCGLAQLPI I I  l l l l l l l l l l l l l l l l l l l  I I I  I I I  I I I  l l l l l l l l l l  I I I I I I I I
NLCSDSLQQSISACNGDSGGPLVKEYENAPAELIGIVSWGYIPCGLAQLP 
SIYTRVPAYISWINNAQTEFFMA 274I I I  I I I  • I I I  • I I I  • :  I I I : : I
SIYTRVSAYIPWINQGQREFYLA 272
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100
98
150
148
200
198
250
248
50
Figure 6.10 Pairwise alignment of predicted amino acids of lcsp2 and lcsp3, using 
the ‘Gap’ program. Percent identity: 92%
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6.3.2 lcsp2 and lcsp3 genes encode a novel insect serine protease type
The predicted amino acid sequences of the lcsp2 and lcsp3 genes were compared to 
sequences in the following databases, the PIR-protein bank (releases 41.0), the SWISS 
protein bank (release 29.0) and the Genpept library (release 84.0), and the EMBL 
databases (release 39.0) using the FASTA algorithm (Pearson and Lipman, 1988) and 
Blast network server. The greatest amino acid sequence similarity was found with two 
members of the kallikrein gene family from rat and mouse (52% similarity/278 amino 
acid overlap), a trypsin serine protease from pig (50% similarity/240 amino acid 
overlap) and the Stubble serine protease gene product from D. melanogaster (51% 
similarity /293 amino acid overlap), respectively. The glandular kallikrein genes code 
for specific proteases involved in the processing of biologically inactive precursor 
polypeptides to generate active products (Seidah et al., 1990). The Drosophila Stubble - 
stubbloid gene encodes an apparent transmembrane serine protease required for 
epithelial morphogenesis (Appel et al., 1993) and trypsin of pig is involved in protein 
digestion (Hermodson et al., 1973). Multiple sequence alignment of these proteins with 
the deduced lcsp2 and lcsp3 amino acid sequences is presented in Figure 6.11. 
Examination of this alignment showed that the similarity of lcsp2 and lcsp3 proteins to 
these proteins was not substantial and was based mostly on conserved residues 
identified in all serine proteases (His-57, Asp-102, Ser-195; cysteine residues involved 
in disulfide bonds). Therefore, at this stage and without further experiment, prediction 
of any function for these proteins is not possible. As proteins closely resembling lcsp2 
and lcsp3 had not previously been described, they can be considered as a novel midgut 
serine protease type in insects, the function of which remains to be elucidated.
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481 540
1 c sp2 pep ........................N SARGKVNMKVL W F  PVLVACTHAAS F SNIAQKLMPS
lcsp3pep ................................... VLWCVLLVACANASSLSNI AQKLMPS
36373ratk7 .........................................MWFLILFLDLSLGQID. . .AAP
11563ratk ......................... SSKLSTCCSCMPVTMWFLILFLALSLGRND. . .AAP
00761pigtry ..............................................................FPT
05319dmstub VTSSQRPTQPTHRTPVLATSGIETNEISDSSIPDAGALGRVKTISAARSECGVP...TLA
lcsp2pep
lcsp3pep
36373ratk7
11563ratk
00761pigtry
05319dmstub
541 600
FPTGYIIKGQDAEPHSAPYIVSLSRTSKH. . . . SHICGGTLINKNWIVTAAHCISNPWM 
FATGYIIKGQDAEPHSAPYIVSLSRTSKH. . . . SHICGGTLINKNWILTAAHCISNPWM
PGQSRVIGGYKCEKNSQPWQVAL..... YSFTKYLCGGVLIDPSWVITAAHCSSN. . . .
PVQSRWGGYNCEMNSQPWQVAV..... YYFGEYLCGGVLIDPSWVITAAHCATD. . . .
DDDDKIVGGYTCAANSIPYQVSL..... NS . GSHFCGGSLINSQWWSAAHCYKS . . . .
RPETRIVGGKSAAFGRWPWQVSVRRTSFFGFSSTHRCGGALINENWIATAGHCVDDLLIS 
★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★
lcsp2pep
lcsp3pep
36373ratk7
11563ratk
00761pigtry
05319dmstub
601 660
GWAGLHKRTNYDAKTQS . . . . RWDYGKVHENYS.......... GGVGPYDIAILHVS
GWAGLHKRTNYDAKTQS . . . . RWDFGKVHENYS.......... GGVGPYDIAILDVS
NYQVWLGRNNLLEDEPFAQH..RLVSQSFPHPDYKPFLMRNHTRKPGDDHSNDLMLLHLS 
NYQVWLGRNNLYEDEPFAQH..RLVSQSFPHPGFNQDLIWNHTRQPGDDYSNDLMLLHLS
RIQVRLGEHNIDVLEGNEQF . . INAAKIITHPNFN.......... GNTLDNDIMLIKLS
QI RI RVGEYDF SHVQEQL PYIERGVAKKWHPKY S FL...........TYEYDLALVKLE
lcsp2pep
lcsp3pep
36373ratk7
11563ratk
00761pigtry
05319dmstub
lcsp2pep
lcsp3pep
36373ratk7
11563ratk
00761pigtry
05319dmstub
lcsp2pep
lcsp3pep
36373ratk7
11563ratk
00761pigtry
05319dmstub
661 720
QPFEFNDWVQPAVLPAPEEIHEGETHLY.GWGQPKSYVLTAASTLQTVTTQIVEFNKCKA 
QPFEFNDWVQPAVLPAPEEIHDGETHLY.GWGQPKSYVLTAASTLQTVTTQIVEFNKCKA 
QPADITDGVKVIDLP.TEEPKVGSTCLASGWGSTKPLIWEFPDDLQCVNIHLLSNEKCIK 
QPADITDGVKVIDLP.IEEPKVGSTCLASGWGSITPDGLELSDDLQCVNIDLLSNEKCVE 
SPATLNSRVATVSLP.RSCAAAGTECLISGWGNTKSSGSSYPSLLQCLKAPVLSDSSCKS 
QPLEFAPHVSPICLPETDSLLIGMNATVTGWGRL.SEGGTLPSVLQEVSVPIVSNDNCKS 
★ ★ ★ ★  ★★★ ★★
721 780
IL...PADAPIHETNLCSDSLQQSISACNGDSGGPLVKEYENAPAELIGIVSWGYXPCGL 
TL...SADAPIHETNLCSDSLQQSISACNGDSGGPLVKEYENAPAELIGIVSWGYIPCGL
A Y .....KEKVTDLMLCAGELEGGKDTCTGDSGGPLLCDGV.... LQGITSWGSVPCAK
A H .....KEEVTDLMLCAGEMDGGKDTCKGDSGGPLICNGV.... LQGITSWGFNPCGE
SY..... PGQITGNMICVGFLEGGKDSCQGDSGGPWCNGQ.... LQGIVSWGY. GCAQ
MFMRAGRQEFIPDIFLCAGYETGGQDSCQGDSGGPLQAKSQDGRFFLAGIISWG.IGCAE
781 834
AQLPSIYTRVPAYISWINNAQTEFFMA
AQLPSIYTRVSAYIPWINQGQREFYLA............................
TNMPAIYTKLIKFTSWIKEVMKENP...............................
PKKPGIYTKLIKFT PWIKEVMKENP.............
KNKPGVYTKVCNYVNWIQQTIAAN................................
ANLPGVCTRISKFTPWILEHVR..................................
★ ★ ★ ★
Figure 6.11 Multiple sequence alignment of the predicted amino acids of lcsp2 and lcsp3 
with the selected amino acids of database. Abbreviations are: 36373ratk7: rat kallikrein 7 
with accession number 36373 (Chen et al., 1988), 11563ratk: rat kallikrein serine 
protease with accession number 11563 (Ashely and MacDonald., 1985), 00761 pigtry: pig 
trypsin with accession number 00761 (Hermodson et al., 1973), 05319dmstub: 
Drosophila stubble serine protease with accession number 05319 (Appel et al., 1993). 
Asterisks indicate identical residues in all amino acid sequences.
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6.3.2 Expression of Icsp2/lcsp3 in L. cuprina
Expression of Icsp2/lcsp3 in L. cuprina was examined by northern blot and in situ 
hybridization analysis. Transcript analysis at different developmental stages showed 
that Icsp2/lcsp3 was strongly expressed in adults and third instar larvae, but had little or 
no expression in second instar larvae or pupae and was expressed at a very low level in 
first instar larvae. One explanation for this observation is that, since the northern 
analysis was carried out with total RNA, it is possible that if a transcript in first and 
second instar larvae was relatively rare, it may well have been below the limit of 
detection. Therefore to overcome this problem and to increase the sensitivity of the 
analysis, it would be useful to repeat the experiment with poly (A+) RNA. 
Nevertheles, it is clear that there has been a strong transcriptional activation of 
Icsp2/lcsp3 in third instar larvae. The apparent absence of gene transcripts in first and 
second instar larvae and expression of this gene specifically in third instar larvae may 
reflect new requirements associated with developmental changes in third instar larvae as 
they progress from feeding to wandering stage. Since RNA was isolated from a mixed 
age sample of third instar larvae that did not take account of the specific 
developmentally distinct stages (i.e. wandering vs feeding), it is not possible to further 
interpret the expression of this gene at this level. Further work should involve isolation 
of RNA from feeding and wandering stages and hybridization with the same probe.
The effect of protein feeding on Icsp2/lcsp3 expression also was examined. Transcript 
levels increased in the period after protein feeding, but the effect was not large. Flies 
that had been maintained only on sugar and water showed significant hybridization and 
the relatively small increase that was observed after protein feeding may reflect a 
general increase in metabolic acitivity of the midgut cells in response to this stimulus. 
This result was in marked contrast to that obtained with the lcsp5 gene in Chapter 5 
where transcript levels were very low in sugar-fed flies and increased dramatically in 
response to protein feeding. The different responses of these two genes to protein
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feeding may be indicative of different roles in digestion of protein. It seems that lcps5 
encodes a digestive enzyme, given the strong sequence homology with previously 
identified trypsin-like proteases. However, neither DNA sequence nor protein 
sequence analysis clearly implicated Icsp2/lcps3 as digestive enzymes and this result 
was supported by the northern blot experiment. The low transcript levels in the first 
two larval instars are not obviously consistant with a role for these enzymes in 
digestion. At this stage, it seems more likely that this family of enzymes is involved in 
some other process, such as the maturation of inactive precursor proteins to their 
mature, active state by endoproteolytic cleavage. Since this is clearly a gene family, 
different family members may well perform different physiological functions, either at 
different stages of development or in different cell types. As a first step towards 
understanding the function of these proteins it would be desirable to repeat the northern 
blot analysis and in situ hybridization experiments using gene-specific probes based on 
oliogonucleotide sequences derived from the non-conserved 3’-regions of the genes.
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Chapter 7
General Discussion
7.1 Introduction
The various results describing the expression and gene identification of serine proteases 
in adult L. cuprina have largely fulfilled the overall aim of this project, but in the 
process, have generated many further questions to be explored and provide a basis for 
further research into the serine proteases in L. cuprina and other Diptera. This chapter 
summarizes the significant findings of this study and their implications.
7.2 Characterization of serine proteases in the midgut of L. cuprina
Experiments presented in chapter three of this thesis, provided a preliminary survey of 
proteolytic activity in the midgut of adult female L. cuprina. Since most investigations 
were carried out with crude tissue homogenates and azocasein as substrate, no 
conclusions about any single protease can be made. Individual protease classes and 
their contribution to total proteolytic activity could be assessed by using more specific 
substrates or inhibitors. Using such an assay, Christeller et al. (1990) identified that 
elastase is a major component of digestive proteases in the black field cricket, 
Teleogryllus commodous. This characterization was based on hydrolysis of specific 
synthetic elastase substrates and lack of activity against others, and the selectivity of its 
interaction with elastase-specific serine proteinase inhibitors. Similar studies have also 
been done to classify the proteolytic activity of some lepidopterans (Purcell et a l., 
1992), dipterans (Schneider et al., 1987) and coleopterans (Gatehouse et al., 1985). 
Alternatively, protein-specific probes such as antibodies that specifically recognize 
individual enzymes or closely related members of a gene family, could be used to assay 
protein expression by ELISA and western blotting. For example, the distribution of
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trypsin-like proteins in the gut of black fly S. vittatum  (Ramos et al., 1993) and the 
induction of late trypsin mRNA in mosquito A. aegypti (Barillas-Mury et al., 1991) 
were investigated by trypsin antibodies and immunoblot assays. If antibodies could be 
obtained that recognize both zymogen and active enzyme forms, they may be useful for 
studying the control of enzyme secretion in response to protein feeding. The results of 
the experiments reported in Chapter 3 established an important role of protein feeding 
on induction of protease activity in the midgut. However, further experiments are 
required to understand better the interactions among nutrition, hormones and oogenesis 
in adult female L. cuprina, including for example, studying protease induction by 
different protein diets, which would allow an examination of the role of a secretagogue 
mechanism in regulation of enzyme secretion. Injection of extracts of vitellogenic 
ovaries into adult females would demonstrate any role for the ovary in modulating 
enzyme biosynthesis as found in the mosquito A. aegypti (Borovsky et al., 1990) and 
the measurement of specific enzyme activity levels and their corresponding mRNAs 
would help to distinguish between transcriptional or translational regulation of protein 
expression.
7.3 Partial characterization of serine protease genes in L. cuprina
This study showed that RT-PCR is a convenient, rapid and sensitive means of 
identifying specific serine protease genes expressed in the insect midgut. The primers 
used in this work may also provide a means of isolating gene fragments from a variety 
of other insects for which serine proteases are known to play a critical role. Results 
obtained by RT-PCR and DNA sequence analysis indicated the presence of a diverse 
and abundant family of serine proteases in the midgut of L. cuprina. Diversity of these 
enzymes in Lucilia has also been reported by Elvin et al. (1994). Using a statistical 
analysis of restriction fragment data with the minimum liklihood method of Feller, 
(1957), Elvin et al. estimated that between 125 and 225 different serine proteases are
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expressed in first instar larvae. Given the array of functions of serine proteases, 
expression of a large number of these enzymes is predictable, however it is not clear 
how Elvin et a V s (1994) calculation can take into account possible polymorhism of a 
single gene. While my study has provided reasonable evidence that there may be a 
widespread polymorphism of some of these proteases, such a large number (125 to 
225) could be a substantial overestimate. Diversity among the members of a serine 
protease gene family as explained by Neurath (1984) may be generated by evolutionary 
changes in the DNA such as gene duplication, rearrangement, addition or deletion of 
DNA segments in the original genomic DNA. The amino acid sequence homology 
between the different serine proteases and their similar catalytic mechanisms also 
confirm that different enzymes might have been arisen by duplication and divergence of 
an ancestral gene. The clustered arrangment of some members of this gene family 
(described in Section 4.3) resulting from tandem gene duplication also has provided a 
template for recombination events, including unequal crossing over and gene 
conversion, thus leading to expansion and further diversification among the family 
members.
Database analysis showed that the closest sequences to the abundantly expressed serine 
proteases detected by this study were the serine proteases of L. cuprina larvae. 
However, despite this homology, none of the sequences represented the same gene. 
This might result from differential gene regulation in the different developmental stages, 
which in turn could be affected by differential nutrition. The digestive requirements of 
adult female flies, that feed on protein-poor diets may differ completely from the 
requirements of larvae feeding on sheep serum and skin. Another possibility is that the 
gene regulation in larvae is not as tight as in adults. Since larvae feed continuously, the 
regulation of protease expression may not be necessary, whereas adult females need to 
use their supply of dietary protein efficiently for egg production. A comparison of 
digestive endopeptidases in different stages of the honey bee Apis melifica and larvae 
and adults of A. aegypti also demonstrated changes in the array of proteases during
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larval development and in pupal transition to adult life (Dahlmann et al., 1978; 
Chapman, 1985). It has been shown that even in situations where the larvae and adults 
of holometabolous beetles inhabit the same ecological niche and feed on exactly the 
same diet, different enzymes are expressed after metamorphosis (Chapman, 1985).
7.4 Identification of two different types of serine protease genes from 
midgut
Two amplicons identified in the RT-PCR study, representing very different serine 
protease genes were selected for full gene characterization. The lcsp5 gene, encoding a 
trypsin-like enzyme was isolated from a Lucilia genomic library. Sequence homology 
showed that lcsp5 is highly similar to trypsin alpha-4 of Lucilia larvae. Trypsin alpha-4 
is one member of a multigene family which is expressed in a cluster of at least four 
highly similar trypsin-like genes (Casu et al., 1994). The RT-PCR analysis showed 
that there are several genes similar to lcsp5 expressed in adult midgut. It is likely that 
lcsp5 is one member of a large gene family, since many hybridizing plaques were 
obtained from the first round of genomic library screening. It is possible that lcsp5 
belongs to the same cluster of genes that contains the alpha-4 and alpha-3 proteases 
identified by Casu et al., (1994). To investigate this further, it would be necessary to 
undertake a chromosomal walk in the Lucilia genome, starting at each end of the clones 
carrying the alpha-3/4 genes and the lcsp5 gene. At the same time, in situ hybridization 
to polytene chromosomes with clearly different protease genes identified in the RT- 
PCR survey, could be used to assess the number of independent gene clusters 
distributed throughout the L. cupina genome.
Two cDNA clones, lcsp2 and lcsp3 encoding novel serine proteases in the midgut 
were obtained from a Lucilia cDNA library. From these clones it was determined that 
lcsp2 contains a full-length open reading frame of the gene while lcsp3 was slightly 
truncated at the 5’ end. Comparison of these clones showed that they represent two
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different but highly similar genes, possibly originating from a gene duplication event. 
The predicted amino acid sequences of these genes were found to have greatest 
similarity to a family of kallikrein genes in mouse. Although there was a relatively high 
amino acid divergence between the kallikrien serine proteases and the Icsp2/lcsp3 
proteins, it was interesting that these Lucilia genes showed more similarity to a 
vertebrate serine protease than to any specific insect serine proteases. This may indicate 
that these genes encode proteins with a function in insect midgut which has not yet been 
identified in any other insects. As a potential new class of insect midgut serine 
protease-like genes there are two questions that need to be addressed in the short term. 
First, are lcsp2 and lcsp3 members of a large, tandemly duplicated array of genes, and 
do they have the same, simple, intronless organisation shown by the trypsin-like 
proteases? To answer these questions it will be necessary to characterize genomic 
clones. The second and more difficult issue concerns the substrate specificity of these 
enzymes. Since the lcsp2 an lcsp3 proteins appear to lack the characteristic activation 
peptide of the insect trypsin-like proteases it is possible that they are either secreted as 
active enzymes or that they have a different activation mechanism. For this reason it 
would be desirable to purify and characterize the enzymes directly from midgut 
extracts. To assist this task, the cloned genes could be expressed as fusion proteins 
which could, in turn, be used to generate antibodies for use in immunopurification of 
the native proteins.
7.5 Differential expression of serine proteases in L. cuprina
Protease expression in insects and other invertebrates is not as well characterized as for 
their mammalian counterparts. However based on the available studies, the regulation 
of these genes in insects could be proposed mostly at the level of transcription and then, 
to different degrees at the post-transcriptional levels of mRNA stability, translation and 
zymogen secretion.
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In blood-feeding insects, when the blood meal induces the expression of tryspin-like 
proteases, a transcriptional regulation was suggested (e.g. A. aegypti, S. vittatum, 
A. gambiae) and when in the absence of blood feeding there is significant level of 
mRNA, the regulation is due to a stable form of mRNA and post-transcriptional 
controls could be involved in further regulation of expression (e.g. S. vittatum). In a 
model involving translational regulation, the translation of the mature mRNA is affected 
by some factors such as hormones or digestive products (e.g. late trypsin gene of A. 
aegypti, reviewed in Section 1.2.2 & 5.3.3). A role for the cyclic nucleotide cAMP, in 
many tissues, as a mediator of hormonal responses or in regulation of mRNA levels 
both at the transcriptional level and in regulating the stability of mRNA has been 
described (Robison et al., 1968, 1971). In insects, cAMP has been shown to promote 
the secretion of trypsin from the opaque zone of the midgut of the stable fly Stomoxys 
calcitrans (Blackemore et al., 1993) and in Drosophila melanogaster, it has been 
implicated as a negative regulator of the expression of a serine protease gene, serl (Yun 
and Davis, 1989). The production of the enzyme might be controlled through regulating 
secretion of enzymes. In vertebrates, gut endocrine peptides have been well studied as 
regulators of the secretion of other hormones or digestive enzymes. For example, 
cholecystokinin (CCK), a peptide released from duodenum and jejunum in response to 
intra-luminal stimulation by amino acids and fat, plays a role in controlling secretion of 
protease zymogens from the acinar cells of the pancreas through the mediation of cyclic 
guanosine monophosphate. Collected evidence indicates that both gut endocrine cells 
and gut hormones exist in a wide spectrum of insects including the blowflies Calliphora 
vomitoria (Duve and Thorpe, 1982) and C. erythrocephala (De Priester, 1971), 
silkmoth Bombyx mori (Koboyashi, 1971), Petrobius maritimus (Fain-Maurel et al., 
1973), mosquito Aedes aegypti (Hecker, 1977; Brown et al., 1985), cockroach 
Periplaneta americana (Nishiitsutsuji-Uwo and Endo, 1981; Iwanaga et al., 1981) and 
caterpillars of the moth Helicoverpa zea (Crim et al., 1992). However, the function of 
these hormones has yet to be identified. Whether any of the hormones have a function
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analogous to that of the vertebrate gastrointestinal peptide hormones in secretion and 
regulation of digestive enzymes remains to be explored.
The information above, and the results of the northern blot analyses, provide a basis for 
interpreting the expression of the three L. cuprina serine protease genes, lcsp5, lcsp2 
and lcsp3. Icsp5 was expressed in three stages of larvae and adults as well. Thus, the 
gene is active at all feeding developmental stages and the existence of the mRNA could 
be correlated with the stability of mRNA. Therefore, factors affecting the half life of 
mRNA levels at these stages would play a major role in regulating protein levels. 
Study of lcsp5 mRNA levels in the midgut of adult females in response to protein 
feeding showed that protein meal is one of the influential factors in the induction of 
lcsp5 expression. Icsp5 mRNA level increased in response to protein feeding, 
suggesting either a stabilization of mRNA or a transcriptional activation. The decrease 
in mRNA level 36 hours after being given a protein meal could be mediated by 
hormonal factors originating from the ovaries, since the cycle of ovarian development 
and egg maturation is in good accordance with protease activity (Section 3.2.3) and 
also mRNA expression in response to protein feeding. Presence of mRNA in adult 
females prior to protein feeding (0 time) could be interpreted by the fact that adult flies 
reaching the previtellogenesis stage potentially have the capacity to secrete digestive 
enzymes by expressing serine protease mRNA. Northern blot analysis of Icsp2/lcsp3 
showed that the gene is not active in first and second instar larvae, since the level of 
expression was almost undetectable. However the gene is transcribed in third instar 
larvae at a significant level and remains active in adult stages. Thus, Icsp2/lcsp3 is 
specifically regulated at the level of transcription in these developmental stages. This is 
in contrast to lcsp5 expression, where it was active continuously. Furthermore, the 
effect of protein feeding on the expression of Icsp2/lcsp3 was not as significant as for 
the lcsp5 gene, since the differences between the transcription of the gene before and 
after protein feeding were not substantial.
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In summary, although multiple levels of control of serine protease expression seem to 
exist, we are almost completely ignorant of the logic of control systems governing 
protease genes in insect midgut cells or even whether most genes are subject to one 
specific control. What might distinguish genes that are tightly regulated from those that 
are not remains unknown and must await further experiments. Study of the expression 
of individual serine protease genes and comparison with protease activity would be of 
considerable interest. Finally, the mechanisms and molecules that execute the various 
types of controls are still obscure.
7.6 Application of identification of serine protease genes
Serine proteases are a diverse group of enzymes which are involved in a multitude of 
key physiological functions including food digestion, zymogen activation, fertilization, 
peptide hormone processing, developmental regulation, blood coagulation (Neurath, 
1984; 1986) and tissue invasion by both parasites (McKerrow, 1989) and tumour cells 
(Zucker, 1989). In insects in particular, serine proteases play critical roles in digestion 
and reproduction and are therefore important for survival of pest insects. The 
characterization of genes coding for these enzymes will help understand the processes 
involved in the utilization of proteins by haematophagous ectoparasites such as 
L. cuprina. Disruption of this process would have a detrimental effect on the fly 
population and therefore represents a tempting target for the control of fly strike. One 
approach to the control of these pest insects is through vaccination of the host with key 
parasite antigens. Following ingestion of the blood meal, formation of immune 
complexes with parasite antigens may disrupt essential biochemical function(s) 
resulting either in death of the parasite, or inhibition of its reproductive capacity. The 
possibility of using serine proteases as vaccine candidates was suggested by Hotez 
et al., (1985) who showed that dogs naturally immune to infection by hookworm 
exhibited high circulating titres of an anti-elastase antibody. McKerrow and
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co-workers showed that monoclonal antibodies directed against a cercarial elastase 
could kill transforming cercariae in vitro (Pino-Heiss, et a l ,  1986). Evidence to 
support the use of serine proteases as vaccines against haematophagous ectoparasites is 
provided by Bowels et al. (1990) who showed that the host plasma protease inhibitors 
inhibited the growth of sheep blowfly L. cuprina in vitro, suggesting that the 
secretory/excretory proteases of Lucilia may be of special significance in initiating 
wounds. Further support was given by Casu et al. (1994), when they showed that 
teatment with low levels of serine protease inhibitors (soybean trypsin) reduced the 
growth rate of Lucilia larvae. These observations demonstrate the potential of serine 
proteases as promising candidate vaccine antigens against Lucilia. Therefore, 
knowledge of the extent and diversity of serine protease expression and the 
involvement of these enzymes in host invasion and subsequent evasion of the immune 
system may be of particular relevance to understanding the ectoparasite state of this fly.
Characterization of the serine proteases and their expression, also will provide 
information on the function of these enzymes and the role they play in the physiology 
of the organism. Such analysis would also provide a database for comparison of 
sequences that define amino acids critical for structure and function of the enzyme. 
Aside from their role in physiology and metabolism, serine proteases have also been 
implicated in the pathogenesis of a number of infectious diseases such as those caused 
by parasites. Parasitic protease may facilitate invasion of host tissues, metabolism of 
host proteins, and evasion of host immune response. Therefore a genetic molecular 
technology for isolation of serine protease genes from diverse sources would be of 
immense value in expanding the data base for serine proteases and to further understand 
the function of these enzymes in a variety of organisms.
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Appendix 1
Table A l.l  Chemicals, reagents and commercial kits with their sources.
Chemicals, reagents and commercial kits Sources
ABI PRISM Dye terminator cycle sequencing kit Perkin -Elmer Co.
Acetic acid, glacial BDH
Agar Oxoid
Agarose Promega Biotec
Acrylamide BioRad
Ampicillin Boehringer-Mannheim
Applied Biosystems Dye primer cycle sequencing kit Perkin -Elmer Co.
Bacto tryptone Bacto Labratories
Black and white instant film, Type 665 Polariod
Bovine serum albumine (BSA)
5-bromo-4-chloro-3-indolyl-ß-D galactopyranoside(Xgal)
New England Biolabs
Boehringer-Mannheim
Bromocresol green Sigma Chemicl Co.
Bromophenol blue Sigma Chemicl Co.
Casamino acids Difco
Chloroform BDH
Deoxynucleotides Promega Biotech
Diethylpyrocarbonate (DEPC) Sigma Chemical Co.
Dimethyl formamide (DMF) Sigma Chemicl Co.
DNA (salmon sperm) Pharmacia
Deoxyribonuclease triphoshpates Pharmacia
[oc-32-P]-dATP, (1500C i/mmol) NEN-Dupont
Dithiothreitol (DDT) Boehringer-Mannheim
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Ethanol BDH
Ethidium bromide Sigma Chemicl Co.
Ethylenediamine tetracetic acid(EDTA) ICN Chemicals
Ficoll 400 Pharmacia Biotech
Formamide Ajax chemicals
Gelatin Sigma Chemical Co.
Glucose Sigma Chemical Co.
Glycerol BDH
Hydrochloric acid BDH
Isoamylalcohol Merk
Isopropyl-ß-D-thiogalactopyranoside (IPTG) Boehringer Mannheim
Light white mineral oil Sigma Chemicl Co.
Lysozyme Astral Scientific
Magnesium chloride BDH
Magnesium sulphate Ajax Chemicals
Maltose Sigma Chemial Co.
Morpholinepropanesuphonic acid (MOPS) Boehringer Mannheim
Neblot kit New England Biolabs
Nylone hybridization membrane; Gene screen plus NEN-DupontScreen
NZ amine (casein hydrolysate) Sigma Chemical Co.
Paraformaldehyde BDH
Phenol Novachem
Plasmid DNA pBluescript SK(+) and SK(-) Stratagene
Plasmidfast™ plasmid purification kit Amresco
Polyethylenemine (PEI)- cellulose Merck
Polyvinylpyrolidone Sigam Chemical Co.
Polyethyleneglycol (PEG) Sigma Chemicl Co.
Potassium acetate Sigma Chemical Co.
Potassium chloride BDH
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BDHPotassium dihydrogen orthophosphate 
Progenius Kit
Quick Prep™ - Micro mRNA purification Kit
RNase A
RNasin
Sephadax G-50
Sodium acetate
Sodium chloride
Sodium dodecyl sulfate (SDS)
Sulfanilamideazocasein
Tetracycline
Trichoro acetic acid (TCA)
Tris (hydroxymethyl) aminomethane 
Trisoudium citrate 
Triton X-100 
Tryptone
Ultraspec -II RNA Kit 
Urea
X-ray film 
Yeast extract
Progene
Pharmacia
Boehringer Mannheim 
Promega Biotec 
Pharmacia Biotech 
Ajax Chemicals 
Ajax Chemicals 
ICN Chemicals 
Sigma Chemicl Co. 
Boehringer Mannheim 
Ajax Chemicals 
ICN Chemicals 
Ajax chemicals 
BDH 
Oxoid 
Biotex
Promega Biotec 
Fuji
Bacto Laboratories
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Table A1.2 Enzymes and their sources.
Name Source
DNase 1 Bohringer Mannheim
Proteinase K Bohringer Mannheim
T4 DNA ligase Pharmacia Mannheim
Tag DNA polymerase Bohringer Mannheim, Bresatec,
Gibco
C la l Promega Biotec
Exonuclease III Promega Biotec
All other enymes used New England Biolabs
Table A1.3 Media, buffers and solutions with their recipies
Name Recipies
a) M edia
LB tLuria Bertoli broth) 
Tryptone 1 % (w/v)
Yeast extract 0.5% (w/v)
Sodium chloride 0.5% (w/v)
Agar (Plates only)
LB/AMP
LB
1.5% (w/v)
Ampicillin 50pg/ml
Agar (Plates only) 1.5%
LB/AMP/IPTG/X-Gal Plates 
LB
Ampicilin 50pg/ml
IPTG 0.2pM
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5-Bromo; 4-chloro; indolyl-D-pyrogalactosidase (X-galactose)
40pg/ml
Agar 1.5% (w/v)
NZCYM
NZ amine (casein hydrolysate) 1 % (w/v)
Soudium chloride 0.5% (w/v)
Yest extract 0.5% (w/v)
Magnesium chloride 0.2% (w/v)
Casamino acids 0.1% (w/v)
Agar (plates only) 1.5% (w/v)
Top agarose
LB supplemented by:
Magnesium sulphate lOmM
Maltose 0.2%
2YT
Tryptone 1.6% (w/v)
Yeast extract 1 % (w/v)
Sodium chloride 0.5% (w/v)
Agar (plates only) 1.5% (w/v)
b) B u ffers
Alkaline lvsis buffer
Glucose . 50mM
EDTA lOmM
Tris-cl pH8.0 25mM
Lysozyme 2mg/ml
Cvcle sequencing buffer
Tris-cl pH9.0 400mm
Ammonium sulphate 100mm
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Magnesium chloride 
DNA loading buffer
25 mm
Bromophenol 0.2% (w/v)
Glycerol 50% (w/v)
EDTA
Ligation buffer
0.05%M
Tris-Hcl, pH 7.6 20mM
MgCl2 lOmM
Dithiothreitol lOmM
ATP
Maleate buffer
0.6 mM
Maleic acid lOOmM
NaCl
pH adjusted to 7.5 with NaOH 
MOPS HOX)
150mM
MOPS (4-Morpholinepropanesulphonic acid)
0.2M
Sodium acetate 
EDTA lOmM
50mM
pH adjusted to 7.0 with glacial acetic acid 
PBS (IX)
Na2HP04 3mM
NaCl 20mM
KC1 2mM
KH2P04 
pH 7.2 
PBT
PBS (IX)
1.5mM
BSA 0.2% (w/v)
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Triton X-100 0.1% (v/v)
SM
Sodium chloride 
Magnesium sulphate 
Tris-Cl pH7.0 
Gelatin 
STE buffer 
Sodium chloride 
Tris-Cl pH8.0 
EDTA ImM
pH adjusted to 8.0 with HCl.
TAEHOXl
Tris
Glacial acetic acid
EDTA
TBE
Tris
Boric acid 
EDTA 
TE (pH8.0)
Tris-Cl, pH 8.0 
EDTA
lOOmM 
lOmM 
0.05M 
0.01% (w/v)
lOOmM
ImM
40mM
40mM
ImM
89 mM 
89 mM 
310 mM
lOmM 
1 mM
Tris-Cl
Tris, pH adjusted with Hydrochloric acid
c) Solutions
Aqueous hybridization solution 
SSC 5X
Sodium dodecyl sulphate 0.1% (w/v)
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Denhardt’s solution 5X
EDTA
Salmon sperm DNA
for 10 min and chilling on ice.
Colony cracking solution
Sodium hydroxide
Sodium dodecyl sulphate (SDS)
EDTA
Glycerol
Bromocresol green 
Denaturing solution 
Sodium hydroxide 
Sodium chloride 
Denhardt’s solution (T00X) 
Ficoll 400
Polyvinylpyrolidone
Bovine serum albumin
Deoxv/Dideoxv (d/dd) ATP
ddATP
dATP
dCTP
dGTP
dTP
Deoxy/Dideoxy (d/dd) CTP
ddCTP
dATP
dCTP
dGTP
dTTP
ImM
200mg/ml, added after denaturing at 100°C
20mM 
0.5% (w/v) 
5mM
10% (w/v) 
0.01% (w/v)
0.5M
1.5M
1 % (w/v)
1 % (w/v)
1 % (w/v)
1.5 pm
62.5 pm 
250 pm 
375 pm 
250 pm
0.75 pm 
250 pm
62.5 pm 
375 pm 
250 pm
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Deoxv/Dideoxv (d/dd) GTP 
ddGTP 0.125 J i m
dATP 250 J i m
dCTP 250 J i m
dGTP 94 J i m
dTTP
Deoxv/Dideoxv fd/dd") TTP
250 J i m
ddTTP 1.25 J i m
dATP 250 J i m
dCTP 250 J i m
dGTP 375 J i m
dTTP
DEPC treated H X) 
ddH 20
250 J i m
Diethylpyrocarbonate lml/L
Shaken vigorously, left overnight in fume hood, autoclaved. 
DNase A
Sodium chloride 0.15M
DNase A 5 mg/ml
Glyserol
Fixative
50% (v/v)
Ethanol 20%
Glacial acetic acid 
Lvsozvme solution
10%
Glucose 20% (w/v)
EDTA 0.5M
Tris-HCl, pH8.0 1M
155
ME
Methanol %90
EGTA
NBT
%10
Nitroblue azolium 
in dimethylformamide. 
Neutralizing solution
75 mg/ml
Tris-Cl pH7.5 0.5M
Sodum chloride 
Paraformaldehyde fix (4%)
1.5M
Paraformaldehyde 4% (w/v)
1XPBS 80%
Paraformaldehyde dissolved in ddH20  at 60°C by adding Sodium hydroxide. 
pH adjusted to 6.8-7.2 with Hydrochloric acid 
Potassium acetate neutralizing solution 
Potassium acetate 5M 60% (v/v)
Glacial acetic acid 
RNase A
11.5% (v/v)
Tris-cl pH7.5 lOmM
sodium chloride 15mM
RNase A 1 Omg/ml
15 min incubation at 100°C , cool slowly 
Sephadex G-50
Sephadex G-50 in STE buffer 
10% SDS
10% (w/v)
Sodium dodecyl sulphate 
SSC (2ÜX)
100 g/L
Sodium chloride 3M
Trisodium citrate 0.3M
156
adjust pH to 7.0 with NaOH 
SSPE(20X)
Sodium chloride
Sodium dihydrogen orthophosphate 
EDTA
3M
180mM
20mM
157
Appendix 2
Nucleotide and predicted amino acid sequences of serine protease genes from 
L. cuprina midgut, identified by RT-PCR.
spl
1 GATGGTGACGGC GGGGCATTGTATTAAGAATC C TGTGGGTATGGC TGTTGTTGC TGGTTT 60 
M V T A G H C  I K N P V G M A V V A G L
61 ACACGAACGCACAAATCTTGATGAGAAGACACAAACTCGTATTGTCGATTGGGGAAAGAT 1 2 0  
H E R T N L D E K T Q T R I V D W G K I
1 2 1  TCATGAAAAATACAATAATGGTGTTTGTCCCTACGATATTGCTATTTTGCATCTTTCTGA 1 8 0
h e k y n n g v c p y d i a i l h l . s e
1 8 1  ACCCTTAGAATACAATCAATACGTACAACCTGCTTCCTTGCCTGCCTCGGAAAAAATCCA 2 4 0  
P L E Y N Q Y V Q P A S L P A S E K I H
2 41  CTC TGGTGAGATTCATTTATATGGTTGGGGACAGC C TAAAGC TTACATATTAAC TGGATC 30 0 
S G E I H L Y G W G Q P K A Y I L T G S
3 0 1  CAAGCTTTTGAAAACTGTTGAAACTCAAAATCTTGAATATGATGTCTGTAAAGCTACTTT 3 6 0  
K L L K T V E T Q N L E Y D V C K A T L
3 6 1  ACCTGAGGATGCTCCCATTCATGAAAGCAATATTTGCTCGGACTCTTTAAAAACTAGTAT 4 2 0  
P E D A P I H E S N I C S D S L K T S I
4 2 1  TTCTGCATGCCAAGGCGATTCCGGAGGCCCAATC 45 4  
S A C Q G D S G G P I
1 ATGGTGACGGCGGCGCACTGCATTAGCAACCCCGTGGTACTGGGTGTTGTAGCTGGTCTT 6 0 
M V T A A H C  I  S N P V V L G V V A G L
61 CACAAGCGCACCAATTACGATGCCAAGACTCAATCCCGTGTTGTGGACTATGGCAAGGTA 1 2 0  
H K R T N Y D A K T Q S R V V D Y G K V
1 2 1  CATGAAAACTACAGTGGTGGTGTGGGACCTTACGATATTGCCATTTTGCATGTTTCACAA 1 8 0  
H E N Y  S G G V G P Y D I A I L H V S Q
1 8 1  CCTTTCGAATTCAATGACTGGGTACAACCTGCTGTTTTACCAGCTCCCGAAGAAATCCAT 2 4 0  
P F E F N D W V Q P A V L P A P E E I H
2 4 1  GAAGGTGAAACTCATTTGTATGGTTGGGGTCAACCTAAATCTTATGTTTTAACTGCTGCC 3 0 0  
E G E T H L Y G W G Q P K S Y V L T A A
3 0 1  AGTACTTTGCAAACTGTCACCACCCAAATTGTAGAATTCAACAAATGTAAGGCTACTTTG 3 6 0  
S T L Q T V T T Q I V E F N K C K A T L
3 6 1  TCCGCTGATGCTCCTATCCATGAAACCAACTTATGTTCGGACTCTTTGCAAAAAAGCATC 4 2 0  
S A D A P I H E T N L C S D S L Q K S I
4 2 1  TCTGCCTGTCAAGGCGACACCGGCGGCCCAATC 45 3  
S A C Q G D T G G P I
158
sp3
1
61
121
1 8 1
2 4 1
3 0 1
3 6 1
4 2 1
sp4
l
61
121
1 8 1
2 4 1
3 0 1
3 6 1
4 2 1
GTGATGAC GGC GGC GCAC TGC TTGCAATC C GTTTC TGCTTC TGTC TTGAAGGTAC GTGCT 6 0 
V M T A A H C  L Q S V S A S V L K V R A
GGTTCCACCTACTGGAACAATGGTGGTGTTTTGGTTGATGTTGCTGCTTTCAAGAATCAT 1 2 0  
G S T Y W N N G G V L V D V A A F K N H
GAAGGTTACAACTCTCGCACCATGGTCAATGATATAGCGGTCATCAAACTGGCCTCTTCC 1 8 0  
E G Y N S R T M V N D I A V I K L A S S
TTGACTACCAGTTCAAACATTAAGACCATTGCTTTGGCTTCCGTAGCTCCTGCTAATGGC 2 4 0  
L T T S S N I K T I A L A S V A P A N G
GCTGCTGCTGTAGTTTCTGGTTGGGGTACTACTTCCTATGGTGGTTCTTCTCTACCCACC 3 0 0  
A A A V V  S G W G T T S Y G G S  S L P T
CAATTGAGAGCCGTTGATGTTACCATTGTCAGCACCAGTTCCTGTGCCTCTTCTGCCTAT 3 6 0  
Q L R A V D V T  I V S T S S C A S S A Y
GGTTATGGTTCGGAAATTAAGTCGAGCATGATTTGTGCCTACACTGTGGGCAAAGATGCT 42  0 
G Y G S E I K S  S M I C A Y T V G K D A
TGC CAAGGC GACAC C GGC GGC C C ATC 44  6 
C Q G D T G G P
GTGGTGACTGCGGCGCACTGCTTGCAATCCGTTTCTGCTTCTGTCTTGAAGGTACGTGCT 6 0 
V V T A A H C L Q S V S A S V L K V R A
GGTTCCACCTACTGGAACAGTGGTGGTGTTTTGGTTGGTGTTGCTGCTTTTAAGAATCAT 1 2 0  
G S T Y W N S G G V L V G V A A F K N H
GAAGGTTACAACTCTCGCACCATGGTCAATGATATAGCGGTCATCAAACTGGCCTCTTCC 1 8 0  
E G Y N S R T M V N D I A V I K L A S S
TTGACTACCAGTTCAAACATTAAGACCATTGCTTTGGCTTCCGTAGCTCCTGCTAATGGC 24  0 
L T T S S N I K T I A L A S V A P A N G
GCTGCTGCTGTAGTTTCTGGTTGGGGTACTACTTCCTATGGTGGTTCTTCTCTACCCACC 3 0 0  
A A A V V S G W G T T S Y G G S S L P T
CAATTGAGAGCAGTTGATGTTACCATTGTCAGCACCAGTTCCTGTGCCTCTTCTGCCTAT 3 6 0  
Q L R A V D V T I V S T S S C A S S A Y
GGTTATGGTTCGGAAATTAAGTCGAGCATGATTTGTGCCTACACTGTGGGCAAAGATGCT 42 0 
G Y G S E I K S  S M I C A Y T V G K D A
TGCCAGGGCGACTCCGGCGGCCCAAT 4 4 6  
C Q G D S G G P
159
sp5
1
61
121
1 8 1
2 4 1
3 0 1
3 6 1
4 2 1
sp6
l
61
121
1 8 1
2 4 1
3 0 1
3 6 1
4 2 1
ATGGTGACGGCGGCGCATTGCTTGCAATCCGTTTCTGCTTCTGTCTTGAAGGTACGTGCT 6 0 
M V T A A H C L Q S V S A S V L K V R A
GGTTCCACCTACTGGAACAGTGGTGGTGTTTTGGTTGGTGTTGCTGCTTTTAAGAATCAT 1 2 0  
G S T Y W N S G G V L V G V A A F K N H
GAAGGTTACAACTCTCGCACCATGGTCAATGATATAGCGGTCATCAAACTGGCCTCTTCC 1 8 0  
E G Y N S R T M V N D I A V I  K L A S S
TTGACTACCAGTTCAAACATTAAGACCATTGCTTTGGCTTCCGTAGCTCCTGCTAATGGC 2 4 0  
L T T S S N I K T I A L A S V A P A N G
GGTGCTGCTGTAGTTTCTGGTTGGGGTACTACTTCCTATGGTGGTTCTTCTCTACCCACC 3 0 0  
G A A V V S G W G T T S Y G G S  S L P T
CAATTAAGAGCCGTTGATGTAACCATTGTCAGCACCAGTTCCTGCGCCTCTTCTGCCTAT 3 6 0  
Q L R A V D V T I V S T S S C A S S A Y
GGTTATGGTTCGGAAATTAAGTCGAGCATGATTTGTGCCTACACTGTGGGCAAAGATGCT 4 2 0  
G Y G S E I K S S M I C A Y T V G K D A
TGTCAAGGCGACACCGGCGGCCC 4 4 3  
C Q G D T G G
ATGGTGAC GGC CGC GCAC TGC TTGCAATC C GTTTC TGTATCAGTC TTGAAGGTACGTGCT 6 0 
M V T A A H C L Q S V S V S V L K V R A
GGTTCAACCTACTGGAACAGTGGTGGTGCTCTGGATGATGTTGCTGCTTTCAAGAATCAT 1 2 0  
G S T Y W N S G G A L D D V A A F K N H
GAAGGTTACAACTCTCGCACCATGGTCAATGATATAGCGGTCATCAAACTGGCCTCTTCC 1 8 0  
E G Y N S R T M V N D I A V I K L A S S
TTGACTACCAGTTCAAACATTAAGACCATTGCTTTGGCTTCCGTAGCTCCTGCTAATGGC 2 4 0  
L T T S S N I K T I A L A S V A P A N G
GCTGCTGCTGTAGTTTCTGGTTGGGGTACTACTTCCTATGGTGGTTCTTCTCTACCCACC 3 0 0  
A A A V V S G W G T T S Y G G S  S L P T
CAATTGAGAGCCGTTGATGTTACCATCGTCAGCACCAGTTCCTGTGCCTCTTCTGCCTAT 3 6 0  
Q L R A V D V T I V S T S S C A S S A Y
GGTTATGGTTCGGAAATTAAGTCGAGCATGATTTGTGCCTACACTGTGGGCAAAGATGCT 4 2 0  
G Y G S E I K S S M I C A Y T V G K D A
TGCCAAGGCGACTCCGGCGGCCCAAT 4 4 6  
C Q G D S G G P
160
sp7
1
61
121
1 8 1
2 4 1
3 0 1
3 6 1
4 2 1
sp8
l
61
121
1 8 1
2 4 1
3 0 1
3 6 1
4 2 1
GTGGTGACTGCGGCGCACTGTTTGCAATCCGTCTCTGCCTCGGTATTGAAAGTTAGAGCT 6 0 
V V T A A H C L Q S V  S A S V L K V R A
GGTTCTTCTTATTGGAATTCTGGTGGCGTTTTGGTTAGTGTTGCCGCCTTTAAGAATCAT 120  
G S  S Y W N  S G G V L V  S V A A F K N H
GAAGGTTACAATCCCAGCACTAAAGTTAATGATATTGCCGTTATCCGTTTGAGTTCTTCC 18 0  
E G Y N P S T K V N D I A V I R L S S S
TTGACCATGTCCTCTAACATTAAAGCTATTGCTTTGGCTTCTGCCGCACCAGCTAACGGC 2 4 0  
L T M S S N I K A I A L A S A A P A N G
GCTGCTGCTGTAGTTTCTGGTTGGGGCACCACCTCTTCCGGTGGCAGCATTACCTGCTCC 3 0 0  
A A A V V S G W G T T S S G G S I T C S
AATTGCGTTATGTCAATCTTCAAGATTGTTGGTCGCTCTCAATGCTCATCATCAACTTAT 36 0  
N C V M S I F K I V G R S Q C S S S T Y
GGTTATGGCTCTAAAATCAAGTCCAGCATGATCTGTGCCTATACTGTTGGTAAGGATTCG 4 2 0  
G Y G S K I K S S M I C A Y T V G K D S
TGCCAAGGCGACACCGGCGGCCCAATC 44 7  
C Q G D T G G P I
GATTATGGTGACGGCGGCGCATTGCATGCAGTCTTATACTGCCTCCCAATTTAAGGTACG 6 0 
I M V T A A H C M Q S Y T A S Q F K V R
TTTGGGTACTACTGAATACAATAC TGGC GGTGAGGTGGTAGC TGTTAAGGC C TTCAAATT 12 0 
L G T T E Y N T G G E V V A V K A F K F
CCATGAGGGTTATAATTCCAAAACAATGGTGAATGATGTTGCTGTTATTAAATTGGCTAC 18 0  
H E G Y N S K T M V N D V A V I K L A T
GCAGTGGCGTGAATCTTCAAAAATCCGTTATATTAAATTGGCTCAAAAGACACCTCCCAC 2 4 0  
Q W R E S S K I R Y I K L A Q K T P P T
TGGTACTCCCGCTGTGGTTACAGGCTGGGGCACTAAGTGTTATTTGACTTGTGTTAGCTT 3 0 0  
G T P A V V T G W G T K C Y L T C V S L
GCCCAAGACTTTGCAAGAAGTTCAGGTGGATATTGCTGATGAGAAGGCTTGTGCCTCCAA 36 0  
P K T L Q E V Q V D I A D E K A C A S N
TGAGTACAAATATGGCAGCCAGATCAAGGAAACCATGGTTTGTGCTTATGCTGTCAATAA 4 2 0  
E Y K Y G S Q I K E T M V C A Y A V N K
GGATGCTTGCCAGGGCGATTCCGGTGGACCAATC 4 5 4  
D A C Q G D S G G P I
161
sp9
1 GATTATGGTGAC C GCGGC GCATTGCATGCAGTC TTATAC CGC CTC CCAATTTAAGGTAC G 6 0  
I M V T A A H C M Q S Y T A S Q F K V R
61 TTTGGGTACTACTGAATACAATACTGGCGGTGAGGTGGTAGCTGTTAAGGCCTTCAAATT 1 2 0  
L G T T E Y N T G G E V V A V K A F K F
1 2 1  CCATGAGGGTTACAATTCCAAAACAATGGTGAATGATGTTGCTGTTATTAAATTGGCTAC 1 8 0  
H E G Y N  S K T M V N D V A V I  K L A T
1 8 1  GCAGTGGCGTGAATCTTCGAAAATCCGTTATATTAAATTGGCTCAAAAGACACCTCCCAC 2 4 0  
Q W R E S S K I R Y I K L A Q K T P P T
2 4 1  TGGTACTCCCGCTGTGGTTACAGGCTGGGGCACTAAGTGTTATTTGACTTGTGTTAGCTT 3 0 0  
G T P A V V T G W G T K C Y L T C V S L
3 0 1  GCCCAAGACTTTGCAAGAAGTTCAGGTGGATATTGTTGATGAGAAGGCTTGTGCCTCCAA 3 6 0  
P K T L Q E V Q V D I V D E K A C A S N
3 6 1  TGAGTACAAATATGGCAGCCAGATCAAGGAAACCATGGTTTGTGCTTATGCTGTCAATAA 4 2 0  
E Y K Y G S Q I K E T M V C A Y A V N K
4 2 1  GGATGCTTGTCAAGGCGACTCCGGCGGACCATC 4 5 3  
D A C Q G D S G G P
splO
1 GATTATGGTGACGGC GGC GCATTGCATGCAGTC TTATAC TGC CTC C CAATTTAAGGTACG 60  
I M V T A A H C M Q S Y T A S Q F K V R
61 TTTGGGTACTACTGAATACAATACTGGCTGTGAGGTGGTAGCTTTTAAGGCCTTCAAATT 1 2 0  
L G T T E Y N T G C E V V A F K A F K F
1 2 1  CCATGAGGGTTATAATTCCAAAACAATGGTGAATGATGTTGCTGTTATTAAATTGGCTAC 1 8 0  
H E G Y N S K T M V N D V A V I K L A T
1 8 1  GCAGTgTCGTGAATCTTCGAAAATCCGCTATATTAAATTGGCTCAAAAGACTCCTCCCAC 2 4 0  
Q C R E S S K I R Y I K L A Q K T P P T
2 4 1  TGGTACTcCCCCTGTGGTTACAGGCTGGGGCACTAAGTGTTAtTTCACTTGTGTTAGCTT 3 0 0  
G T P P V V T G W G T K C Y F T C V S L
3 0 1  GCCCAAGACTTTGCAAGAAGTTCAGGTGGATATTGTTGATGAGAAGGCTTGTGCCTCcAA 3 6 0  
P K T L Q E V Q V D I V D E K A C A S N
3 6 1  TGAGTACAAATATGGCAGCCAGATCAAGGAAACCATGGTTTGTGCTTATGCTGTCAATAA 4 2 0  
E Y K Y G S Q I K E T M V C A Y A V N K
4 2 1  GGATGCTTGTCAAGGCGACACCGGCGGCCCAATC 4 5 4  
D A C Q G D T G G P I
162
spl  1
1 CGCGCGCACTGTATGCAAAAATACAAAGCCAATGAATTTAAAGTACGTTTGGGTTCTACG 60  
R A H C M Q K Y K A N E F K V R L G S T
61  GAATACGATAAAGGTGGTGAATTGGTGGCTGTGAAGGCTTTCCGCAATCATGAAGGTTAT 1 2 0  
E Y D K G G E L V A V K A F R N H E G Y
1 2 1  AATCCCAAACCCAAGGAATATGATGTTTCCGTTATTAAACTAGCCACTCCGGTACGTGAA 1 8 0  
N P K P K E Y D V S V I K L A T P V R E
1 8 1  TCCTCTAAAATACGTTATGTAAAATTGGCTAGCAAGGCACCCGCTACCGGTACTACAGCT 2 4 0  
S S K I R Y V K L A S K A P A T G T T A
2 4 1  GTTGTTACCGGTTGGGGTTCTAAATGTTTCCTATTGTGCGTTACTGCTCCCAAGATATTA 3 0 0  
V V T G W G S K C F L L C V T A P K I L
3 0 1  CAGGAAGTAGAAGTTGATATTGTGGATGAGAAAGCCTGCGCTTCGAAACAATATAAATAT 3 6 0  
Q E V E V D I V D E K A C A S K Q Y K Y
3 6 1  GGTGAACAAATCAAAAAAACTATGTTATGTGCTTATGCCTTAAAAAAAGAAGCTTGCCAA 4 2 0  
G E Q I K K T M L C A Y A L K K E A C Q
4 2 1  GGCGACAGCGGCGGCCCAATC 4 4 1  
G D S G G P I
sp l 2
1 GTGGTGACTGCGGCGCACTGTATGCAAAAATACAAAGCCAATGAATTTAAAGTACGTTTG 6 0  
V V T A A H C M Q K Y K A N E F K V R L
61  GGTTCTACTGAATACAATAAAGGTGGTGAATTGGTGGCTGTGAAGGCTTTCCGCAATCAT 1 2 0  
G S T E Y N K G G E L V A V K A F R N H
1 2 1  GAAGGTTATAATCCCAAAACCAAGGAATATGATGTTTCCGTTATTAAACTAGCCACTCCG 1 8 0  
E G Y N P K T K E Y D V S V I K L A T P
1 8 1  GTAC GTGAATC C TC TAAAATAC GT TATGTAAAATTGGC TAGC AAGGC C C C GGC TAC C GGT 2 4 0  
V R E S S K I R Y V K L A S K A P A T G
2 4 1  ACTACAGCTGTTGTTACCGGTTGGGGTTCTAAATGTTTCCTATTGTGCGTTACTGCTCCC 3 0 0  
T T A V V T G W G S K C  F L L C V T A P
3 0 1  AGGATTTTACAGGAAGTAGAAGTTGATATTGTGGATGAGAAAGCCTGCGCTTCGAAACAA 3 60  
R I L Q E V E V D I V D E K A C A S K Q
3 6 1  TATAAATATGGTGATCAAATCAAGAAAACTATGTTATGTGCTTATGCCTTAAAGAAAGAC 4 2 0  
Y K Y G D Q I K K T M L C A Y A L K K D
4 2 1  GCTTGCCAAGGCGACACCGGCGGCCCAATC 4 5 0  
A C Q G D T G G P I
163
